Google 


This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 

to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 

to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 

are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  maiginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 

publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  tliis  resource,  we  liave  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 
We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  fivm  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attributionTht  GoogXt  "watermark"  you  see  on  each  file  is  essential  for  in  forming  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liabili^  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.   Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 

at|http: //books  .google  .com/I 


IX 


I 


A 


^. 


SClEHCE 


OEPT- 


^Hv:.. 


o^ 


AMERICAS  SCIENCE  SERIES 

FOE  HIGH  SCHOOLS  AHD  COLLEGES. 

The  principel  objects  of  tlila  setiea  te  to  Bnpplf  tbe  lack — 
In  Hoine  aubjecM  veiy  great — of  authoritative  ttooka  nhoae 
princlplea  are,  «o  far  as  pntctlcabte.  illaatrated  bf  hmlliar 
Americau  facia,  and  atao  lo  auppl;  Ibe  other  lack  that  tbe  ad- 
vance of  Science  perennially  creates,  of  text-books  which  at 
leut  do  not  contradict  the  latest  generaiizatlouB. 

The  volninee  are  large  12mo. 

The  books  arranned  for  are  as  foUowi.  They  Bvst«iiiaticaIlT 
ontllne  the  Bald  of  Science,  ita  the  term  la  usually  emplored 
vith  reference  to  (cenoral  eduoitioa.  Those  marked  '  had 
been  published  up  lo  Jul;  1,  1880. 


J.  Fhyaiet. 

By  Alpheo  M.  Mateii,  Pro. 

fMBOTlntheBtev^ni  lnHiltute 
of  Teehnolopy,  and  Arthur 
W.  WmoBT.  Professor  In 
Yala  College. 

II.  Chemistry. 

By  Samuki.  W.  Johkboit 
and  Wii.MAM  Q.  MiXTBR, 
ProfsBBorB  in  Tale  College. 

HI.  Agtronomy.* 

By  Smos  Nbwcomb,  Supt. 
American  Nautical  Alraanac, 
and  Edward  S.  Hoi.oeij, 
Profeteor  In  the  United  States 
Naval  ObsefvaiOTy,     |3,50, 

IV.  Geotogp. 

By    Raphael    PijiirBi.i.r. 

late  Professor  iu  Harvard 
University. 

r.  Botnny.* 

By  C.  E.  Beshet.  Professor 


ill  the  Iowa  Agricultoral  Col- 
lege and  late  Lecturer  In  the 
University  of  California. 

VI.  Zoology.* 

By  A.  S.  Packard,  Jr., 
Professor  of  Zoology  and  Ge- 
ology in  Brown  Univeraity, 
Editor  of  the  Amtrican  ScO- 
itratitt.     $3. 

VJI.  The  Human  Bodp, 

Bv   H.   Newkli.   Mabtik, 

ProU-Bsi'r  in  the  Johns  Hop- 
kins UiiiverBity. 

rjll.  psychology. 

By  W11.1.IAII  Jaubs,  Pro- 
fessor in  Harvard  Univeralty. 

XX.  Fotitlcai  Economy. 

By  Fbakcis  a.  Walbkr, 
Professor  in  Vole  Collego. 
X.  Oovm-nment. 

By  Edwik  h.  QODKM,  Bd- 
lloi  of  the  Ifatian, 


HENRY  HOLT  ft  CO.,  Publibhhbs,  NEWTOBE. 


t 


THE  NEW  VORK 

PUBLIC  LIBRARY 


AMERICAN  SCIENCE  SERIES 


ASTEONOMY 


FOR 


STUDENTS  AND  GENERAL  READEHS 


BT 

SIMON  NEWCOMB.   LL.D., 

«mtBI2VTSXDE!«T    AMERICAN    EPHRMEKIM    AN II    NAl'TK  AL    ALMANAC, 

AND 

KDWAKD   S.    IIOLDEN,    M.A.. 

J*KorEHl«<>K     IN     THE     l'.    H.     NAVAL    U  B  s  K  11  V  A  T  O  K  Y. 


i^KCOND  EDiriOX,   liEVJ^KD 


»  .    • 


>.  I 


NEW   YORK 
HENRY  HOLT  AND   COMPANY 

1880 


THE  NEW  YORK 

PUBUC  LIBRARY 

28(K544 

AfTOR,  UENOX  AND 
TILOtM  roUNOATIONt. 

ItM 


BT 

Hkmbt  Holt  A  Oa 


.  .    0 


•  ••••* 


•  ft 


Thb  John  A.  Gkay  Pssss, 

AND  Stbam  TvrB-SrmNG  Office, 

CoK.  FnmkfiMt  and  Jacob  Sts.. 

NBW  yoxK. 


Tbk  following  work  is  designed  prjncipsllj  for  the  nse 
of  tlioi^  who  deeii'e  to  pursue  Ilic  study  of  Astronomy  tu  s, 
branch  nf  libenil  education.  To  facilitate  its  dbi;  by  etii- 
dents  of  different  grades,  the  eubject^matter  is  divided  into 
two  flaases,  dibtinguished  by  the  size  of  the  type,  and  the 
volaine  is  thus  made  to  contaiu  two  courses. 

The  portions  in  large  type  form  a  complete  course  for 
the  n^e  of  those  who  desire  only  such  a  general  kiiowtedgt! 
of  the  subject  as  can  be  acqnired  without  the  application 
of  advanced  niathematioe.  It  is  believed  that  this  course 
c«i  be  mastered  by  persons  having  at  command  only  those 
geometrical  ideas  which  are  familiar  to  most  intelligent 
students  in  onr  advanced  Bcbools;  though  Eomctiines,  es- 
pectallj  in  Ibe  earlier  chapters,  a  knowledge  of  elemontary 
trigonometry  and  physics  will  be  found  conducive  to  a 
fall  understanding  of  a  few  details. 

The  [wrtions  in  small  type  coniprise  additions  for  tlie 
nse  of  those  students  who  either  desire  a  more  detailed 
ftud  precise  knowledge  of  the  subject,  or  who  intend  to ' 
nuke  astronomy  a  special  study.  In  this,  as  in  the  ele- 
uientsry  course,  the  rule  has  been  never  to  use  more  ad- 
rancod  mathematical  methods  than  are  necessary  to  the 
development  of  tlie  subject,  but  in  some  eases  a  knowl- 
edge of  Analytic  Geometry,  in  others  of  the  Differential 
Calcnliis,  and  in  others  of  Elementary  Mechanics,  is  neccB- 
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sarilj'  preeuppoeed.  The  object  aimed  at  he^  been  to  la^ 
n  broad  foundation  for  further  studj  rather  than  to  at- 
tempt the  detailed  preseutation  of  any  special  branch. 

As  some  studente,  especially  in  seminaries,  may  not  de- 
sire 80  extended  a  knowledge  of  the  subject  as  that  em- 
braced in  the  course  in  large  type,  the  following  hints  arc 
added  for  their  beneht :  Chapter  I.,  on  the  relation  of  the 
earth  to  the  heavens,  Chapter  III,,  on  the  motion  of  the 
earth,  and  the  chapter  on  Chronology  ehonld,  eo  far  as  pos- 
sible, be  mastered  by  all.  The  remaining  parte  of  the  course 
may  be  left  to  the  selection  of  the  teacher  or  student. 
Most  persons  will  desire  to  know  something  of  the  tele- 
scope (Chapter  II.),  of  the  arrangement  of  thesolarsystem 
(Chapter  I V. ,  §§  1-2,  and  Part  II. ,  Chapter  II. ),  of  eclipses, 
of  the  phases  of  the  moon,  of  tlie  physical  constitution  of 
the  sun  (Part  II.,  Chapter  11,),  and  of  the  constellations 
(Part  III,,  Chapter  I.).  It  is  to  be  expected  that  all  will 
be  interested  iik  the  subjects  of  the  planets,  comets,  and 
meteors,  treated  in  Part  II.,  the  study  of  whicli  involve* 
no  difficulty. 

An  acknowledgment  is  doe  to  the  managers  of  the 
Clarendon  Press,  Oxford,  who  have  allowed  the  nse  of  a 
number  of  electrotypes  from  Cbaubeks'b  Descriptvae 
Aetronomi/.  Messrs.  Fatjth  &  Co.,  inatniment-makers,  of 
Washington,  have  also  lent  electrotypes  of  instruments, 
and  a  few  electrotypea  have  been  kindly  furnished  by  the 
editors  of  the  American  Journal  of  Science  and  of  the 
Popular  Science  Monthly.  The  greater  part  of  the  illoft-  .  -■ 
trations  have,  however,  'b&ea  prepared  expressly  for  1 
work. 
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-•»• 


INTRODUCTION. 

Astronomy  {affrrfp — a  star,  and  vo*fxo9 — a  law)  is  the 
science  which  has  to  do  with  the  heavenly  bodies,  their 
appearances,  their  nature,  and  the  laws  governing  their 
real  and  their  apparent  motions. 

In  approaching  the  study  of  this,  the  most  ancient  of  the 
sciences  depending  upon  observation,  it  must  be  borne  in 
mind  tliat  its  progress  is  most  intimately  connected  with 
that  of  the  race,  it  havinj^  always  been  the  bjisis  of  geog- 
raphy and  navigation,  and  the  soul  of  chronology.  Some 
of  the  chief  advances  and  discoveries  in  abstract  mathe- 
matics have  been  made  in  its  service,  and  the  metliods 
both  of  observation  and  analysis  once  peculiar  to  its  prac- 
tice now  furnish  the  firm  bases  upon  which  rest  that  great 
group  ©f  exacit  sciences  which  we  call  physics. 

It  is  more  important  to  the  student  that  he  should  l)c- 
come  penetrated  with  the  spirit  of  the  metliods  of  astron- 
omv  than  that  he  should  recollect  its  minutiae,  and  it  is 
mnst  important  that  the  knowledge  which  he  may  gain 
from  this  or  other  books  should  be  referred  by  him  to  its 
true  sources.  For  example,  it  will  often  be  necessary  to 
speak  of  certain  planes  or  circles,  the  ecliptic,  the  equa- 
tor, tlie  meridian,  etc.,  and  of  the  relation  of  the  appa- 
rent positions  of  stars  and  planets  to  them  ;  but  his  labor 
will  be  useless  if  it  has  not  succeeded  in  giving  him  a 
precise  notion  of  these  circles  and  planes  as  they  exist  in 
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the  sky,  and  not  merely  in  tlie  figures  of  his  text-book. 
Above  all,  the  study  of  this  science,  in  which  not  a  single 
Etep  could  have  been  taken  without  careful  and  painstak- 
ing observation  of  the  heavens,  should  lead  its  student 
himself  to  attentively  regard  the  phenomena  daily  and 
hourly  presented  to  him  by  the  heavens. 

Does  the  sun  set  daily  in  the  same  point  of  the  hori- 
zon ?  Does  a  change  of  his  own  station  affect  this  and 
other  aspects  of  the  sky  ?  At  what  time  does  the  full 
moon  rise  ?  Which  way  are  the  horns  of  the  young 
moon  pointed  ?  These  and  a  thousand  other  questions 
are  already  answered  by  the  observant  eyes  of  the  an- 
cients, who  discovered  not  only  the  existence,  but  the 
motions,  of  the  various  planets,  and  gave  special  names  to 
no  less  than  fourscore  stars.  The  modem  pupil  is  more 
richly  equipped  for  observation  than  the  ancient  philoso- 
pher. If  one  could  have  put  a  mere  opera-glass  in  the 
hands  of  lIirrAKciiLs  the  world  need  not  have  waited  two 
thousand  years  to  know  the  nature  of  that  early  mystery, 
the  Milky  Way,  nor  would  it  have  required  a  Galileo  to 
discover  the  phases  of  Veiius  and  the  spots  on  the  sun. 

From  the  earliest  times  the  science  has  steadily  progress- 
ed by  means  of  faithful  observation  and  sound  reasoning 
upon  the  data  wliich  observation  gives.  The  advances  in 
our  special  knowledge  of  this  science  have  made  it  con- 
venient to  regard  it  as  divided  into  certain  portions,  which 
it  is  often  convenient  to  consider  separately,  although  tho 
boundaries  cannot  be  precisely  fixed. 

Spherical  and  Practical  Astronomy — First  in  logical 
order  we  have  the  instruments  and  methods  by  which  the 
positions  of  the  heavenly  bodies  are  determined  from  obser- 
vation, and  by  which  geograpliical  positions  are  also  fixed. 
The  brancli  which  treats  of  these  is  called  spherical  and 
practical  astronomy.  Spherical  ajstronomy  provides  tho 
matliematical  theory,  and  practical  astronomy  (which  is 
almost  as  njuch  an  art  as  a  science)  treats  of  the  applica- 
tion of  tJiis  theory. 


Astronomy  tienk  with  the  laws  of  tnotiun  of 
tliB  rel«!Stial  hodies  as  detenr.ined  by  repeated  observations 
of  their  pogitioiia,  and  by  the  laws  according  to  w]iich  they 
oHicht  ft  mow  under  the  influence  of  their  ijiutiiiil  gravi- 
tation. The  parely  mathematical  part  of  the  science,  hy 
which  tlie  laws  of  th«  celestial  motions  are  dednced  from 
(he  theory  of  grivitation  alone,  is  also  c^Ied  CeUntial 
McvJ>anic«,  a  term  fir^t  applied  hy  La  Place  in  the  title  o£ 
hia  great  work  Mtcaniqut:  CSlenfe. 

Cosmioal  Physics.— A  third  hrandi  which  has  receiTed' 
its  greatest  derelopmcntB  in  quite  recent  times  may  be 
called  Cosmical  Phyttlf^Ji.  Physical  astronomy  might  be 
fe  better  appellation,  were  it  not  soinctimes  applied  to 
eelestiiil  mechaii!i».  Thitt  branch  treats  of  the  phj'sicat 
constiliition  and  aspects  of  the  heavenly  Iwtdies  as  investi- 
gated with  the  teleseope,  the  spcctniscope,  etc. 

We  thiia  Jiave  three  threat  branehes  whicli  nm  into  each 
other  hy  insensible  grailationB.  but  nnder  which  a  Inrge 
part  of  the  astronomical  research  of  the  present  day  may 
be  {i)cliide<i.  In  a  work  tike  the  present,  however,  it 
will  not  t«  advisable  to  follow  strictly  tliia  order  of  snb- 
jects  ;  we  sliall  rather  strive  to  jiresent  the  whole  subject 
in  the  order  in  which  it  can  best  be  understood.  This 
order  will  Ih^  snmewliat  like  that  in  which  the  knowl- 
edge has  been  actually  acquired  by  the  astronomers  of 
different  ages. 

Owing  to  tlie  frequency  with  which  we  have  to  use 
terms  oxprvMiing  angular  measure,  or  refen-ing  to  circles 
on  a  sphere,  it  may  be  admissible,  at  the  outset,  to  give 
mn  Idea  of  these  terms,  and  to  recapitulate  some  prop- 
erties of  the  sphere. 

Angular  Measures. —^The  unit  of  angular  measure  most 
n*ed  for  couctiiierable  angles,  is  the  degree,  300  of  which 
extend  roontl  the  circle.  The  reader  knows  tliat  it  is  flO" 
from  tlie  horizon  to  tlie  scnitli,  and  that  two  objects  ISO" 
■part  are  diamctrieally  oppoflite.     An  idea  of  distancee  of 
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a  few  degrees  may  he  obtained  by  looking  at  the  two  stare 
which  fonn  the  pointera  in  the  constellation  Ursa  Major 
(the  Dipper),  soon  to  be  described.  '  These  stare  are  5*^ 
apart.  The  angular  diametere  of  the  sun  and  moon  are 
each  a  little  more  than  half  a  degree,  or  30'. 

An  object  subtending  an  angle  of  only  one  minute  ap- 
pears as  a  point  rather  than  a  disk,  but  is  still  plainly  vis- 
ible to  the  ordinary  eye.  Helmholtz  finds  that  if  two 
minute  points  are  nearer  together  than  about  V  12"',  no 
eye  can  any  longer  distinguish  them  as  two.  If  the  ob- 
jects are  not  plainly  visible — if  they  are  small  stare,  for 
instance,  they  may  have  to  be  separated  3',  5',  or  even 
10',  to  be  seen  as  separate  objects.  Near  the  star  a  LyrcB 
arc  a  pair  of  stare  3J'  apart,  which  can  be  separated  only 
by  very  good  eyes. 

If  the  object  be  not  a  point,  but  a  long  line,  it  may  be 
seen  by  a  good  eye  when  its  breadth  subtends  an  angle  of 
only  a  fraction  of  a  minute  ;  the  limit  probably  ranges 
from  10'  to  15". 

If  the  object  be  much  brighter  than  the  background  on 
which  it  is  seen,  there  is  no  limit  below  which  it  is  neces- 
sarily invisible.  Its  visibility  then  depends  solely  on  the 
quantity  of  light  which  it  sends  to  the  eye.  It  is  not 
likely  that  the  brightest  stare  subtend  an  angle  of  y^  of 
a  second. 

So  long  as  the  angle  subtended  by  an  object  is  small,  we 
may  regard  it  as  varying  directly  as  the  linear  magnitude 
of  the  body,  and  invereely  as  its  distance  from  the  ob- 
server. A  line  seen  perpendicularly  subtends  an  angle 
of  1""  when  it  is  a  little  less  than  60  times  its  length  dis- 
tant from  the  observer  (more  exactly  when  it  is  57-8 
lengths  distant) ;  an  angle  of  1'  when  it  is  3438  lengths 
distant,  and  of  1^  when  it  is  200265  lengths  distant. 
These  numtere  are  obtained  by  dividing  the  number  of 
degrees,  minutes,  and  seconds,  i-espectively,  in  the  cir- 
cumference, by  2  X  3  14:1 59265,  the  ratio  of  the  circum- 
ference of  a  circle  to  the  radius. 


Orakt  Circles  of  tbs  Sphere. — In  Fig.  1  let  the  outline 
repreeeot  that  of  a  sphere,  amuiid  which  are  described 
the  two  great  circles  A  E B  /'and  C  E D  F.  These  cir- 
cles are  the  Hues  in  which  two  planee  paasing  tlu'ough  tho 
eeotre  O  of  the  sphere  intersect  the  latter.  We  may  cou- 
stder  thetn  as  repreeentiDg  the  planes. 

Tlie   points  P  and  P'.  each  of  which  ie  90°  distant  J 
irom  every  point  of  the  cii-ele  A  E  B  F,  are  called  tho  J 


poUt  of  that  circle.  The  poles  are  the  ]"»intB  in  which  a 
Hue  paflsing  through  the  centi-e  O  jwqicndicnlar  to  the 
]iUne  of  the  circle  meets  the  sphere.  They  may  he  ( 
sidered  as  repi-esenting  this  line. 

The  angle  B  D,  or  A  C,  eqnal  to  the  greatest  distance  ^ 
of  the  two  circles,  is  the  same  aa  the  angle  which  the 
planee  of  the  circles  make  with  each  otht-r.  The  dis- 
tance between  the  poles  P  Q  or  P'  Q'  is  equal  to  the  same 
angle.  There  are  therefore  three  equivalent  representa- 
tives for  what  may  be  considered  the  same  element; 
namely  :  (1)  the  inclination  of  the  planes  of  two  circles ;  . 
(2)  the  angle  between  their  poles ;  and  (3)  the  greatest 
knglee,  A  C  or  B  D.  between  the  circles  ou  the  celeetial 
epherc. 


SYMBOLS  AND  ABBREVlATIONa 


tXOKS  OF  THB  PLANETS,  STC 


0  The  Son. 

(B  The  Moon. 

9  Mercury. 

9  Yen  as. 

e  or  $  The  Earth. 


S  Mars. 

K  Jupiter. 

^  Satam. 

3  Uranas. 

^  Neptune. 


The  asteroids  aredistingnished  by  a  circle  incloeinfj^  a  number,  whieli 
number  indicates  the  order  of  discovery,  or  by  tlieir  names,  or  by  both, 
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a^.i»»  ( 1.   *f  Aries. 
^1?  \  2-    »  Taurus. 
^      i  8.  n  Gemini. 

Sommer  {  ^  f  ^'^'' 
^         (  6.  m  Virgo. 


Autumn 
signs. 


7.  :^  Libra. 

8.  Ill  Scorpius. 

9.  f   Sagittariua 

Winter  S  !?'  "^  ^^P'^^"*'^ 

siirns.    i  ^^-  ^  Aquarius. 

"^^""^    (  12.  X  Pisces. 


ASPECTS. 


6  Conjunction,  or  having  the  same  longitude  or  right  ascension. 
D  Quadrature,  or  differing  90"  in 
S  Opposition,  or  differing  180**  in 


u 


<i 


«• 


«• 


A8TRON0MWAL  SFMBOLA 


MIBCBLLARBOUB  SYMBOLS. 


Q  Aseending  node. 
t3  Descending  node. 
X.  North.    &  Sonth. 
E.  East.    W.  West. 


'  Minutes  of  are. 

*  Seconds  of  arc 
^  Hours. 

*  Minutes  of  time. 
*  Seconds  of  time. 

X,  Mean  longitude  of  a  body. 

ff.  Mean  anomaly. 

/,  Tme  anomaly. 

n.  Mean  sidereal  motion  in  a 

of  time, 
r,  Radius  vector. 
^,  Angle  of  eccentridtj. 
n.  Longitude  of    perihelion 

parallax). 

p,  Earth 


R.A,  or  a.  Right  ascension. 
Dee.  or  6,  DeclioatioD. 
C,  True  senith  distance. 
C  Apparent  senith  distancSL 
A  Distance  from  the  eartii. 
Ip  Heliocentric  longitude. 
b.  Heliocentric  latitude. 
A,  Geocentric  longitude. 
P,  Geocentric  latitude. 
6  or  tt.  Longitude  of  aseendiog 

node, 
f.  Inclination  of  orbit  to  the  eclip- 
tic 

unit !  u.  Angular  distance  from  pfritie- 
lion  to  node. 
u.  Distance  from  node,  or  argu« 
ment  for  latitude. 
(also  a.  Altitude. 
A,  Azimuth. 

'b  Equatorial  radius. 


The  Greek  alphabet  is  here  inserted  to  aid  those  who  are  not  already 
familiar  with  it  in  reading  the  parts  of  the  text  in  which  its  letters 


occur 


Lett«r«. 

Namea. 

A  a 

Alplia 

B  j36 

Beta 

T  yr 

Gamma 

£^d 

Delta 

£  t 

Epsilon 

zc/ 

Zeu 

H  9 

Eta 

ed6 

Theta 

I  I 

lota 

K« 

Kappa 

AA 

Lambda 

Mai 

Mtt 

Letters. 

Names. 

N  V 

Nu 

S  1 

Xi 

O  0 

Omicron 

n  o  r 

Pi 

Ppp 

Rho 

£   a  S 

Sigma 

T  rl 

Tau 

Tv 

Upsilon 

♦^ 

Phi 

y^x 

Chi 

tv» 

Psi 

(2» 

Omega 

THE  METRIC  SYSTEM. 

Thb  metric  B/stein  of  weights  and  meaBures  being  emplojed  in 
this  volume,  the  following  relations  between  the  units  of  this  system 
most  used  and  those  of  our  ordinary  one  will  be  found  convenient  for 
reference : 

MEASURES  OF  LENGTH. 


1  kilometre 

1  metre 

1  millimetre 


1000  metres 

tlie  unit 

TmTTi  «t  tt  metre 


0-62187  mile. 
80-87  inches. 
0- 0308 7  incli. 


MEASURES  OF   WEIGHT. 


1  iiiillier  or  ((inneau 
1  kiloffraiumu 
1  gramme 
"^  milligramme 


1,000,000  ijrrammi'S  =  2301 -G  |)ound8 

IODO  graiiiiiies  = 
the  unit  = 

ttAju  «f  »  gramme    = 


2-2016  p<»unds. 
15-432  grains. 
0-01548  grain. 


The  following  rough  approximations  may  be  memorized  : 


The  kilometre  is  a  little  more  than  -Ar  of  a  mile,  but  less  than  f  of 
a  mile. 
'Hie  mile  is  l-p^  kilometres. 
M  IiH  liilrigramme  is  2^  pounds. 
The  pound  is  less  than  half  a  kilogramme. 


CHAPTER  I. 


THE    RELATION    OF    THE    EARTH    TO 
HEAATINS. 

§  1.  THE    EASTH. 

Iw  ponidderiiig  tlie  relation  of  the  earth  to  the  !i 
we  uecosearily  begin  witli  tlie  earth  I'tBt-lf  ;  not  simply 
Itecmiee  we  now  kuuw  it  to  be  one  of  the  heavenly  bodies, 
but  because  it  is  from  its  surface  that  all  observations  of 
the  heavens  liavc  to  be  niadu.  ■ 

A  eonsidenitiun  of  well-known  facts  will  show  tliat  thitl 
eartli  upon  wlueb  we  live  la,  at  least  approximately,  a 
globe  whoee  dimensions  are  gij^antic  . 
vrlien  compared  to  our  ordiniiry  and  I 
daily  ideas  of  she.  ItR  slnipc  ia  in  I 
several  ways  known  to  l>e  nearly  I 
ibat  of  a  sphere. 

I.  It  lias  been  repeatedly  eirfiuni- 
luivigated  in  various  directions. 

II.  Portions  of  its  surface,  viai-  I 
Iil«  from  elevated  positions  in  the  I 
midet  of  extensive  plains  or  at  sea,  \ 
appuar  to  be  Imunded  by  circles. 
Tliie  nppearunoe  at  all  points  of  the     rin-inaing  wi-.  hci  umihe 

_,       "^^    ,         ,      J      ,        "^  ...    IxiftlonB  of   rh«   arlli   viiiUlo 

euriHce  of  a  body  is  a  geometrical  From  rio*Mni  uminon..  s,  *■. 

^^  -I    .        *  -lite  I  i~.«ic.areUiumi«lliydrd«fc 

attribute  of  a  globular  form  only. 

III.  Further  than  this  we  know  that  careful  meaeure- 
nienta  of  portions  of  the  globe  by  the  various  national 
gecidetic  hnrvcys  have  agreed  with  this  general  cunclueiou. 
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More  precise  reasons  will  be  apparent  later,  but  these  will 
be  sufficient  to  base  our  general  considerations  upon.  Of 
the  size  of  the  earth  we  may  form  a  rough  idea  by  the 
time  required  to  travel  completely  around  it,  which  is 
now  about  tliree  months. 

We  find  next  that  this  globe  is  completely  isolated 
in  space.  It  neither  rests  on  any  thing  else,  nor  is  it  in 
contact  with  any  surrounding  body.  The  most  obvious 
proof  of  this  which  presents  itself  is,  that  mankind  have 
visited  nearly  every  part  of  its  surface  without  finding 
any  such  connection,  and  that  the  heavenly  bodies  seem 
to  perform  complete  circuits  around  it  and  under  it  with- 
out meeting  with  any  obstacles.  The  sun  which  rose  to- 
day is  the  same  body  as  the  setting  sun  of  yesterday,  but 
it  has  been  seen  to  move  (apparently)  about  the  earth 
from  east  to  west  during  the  day,  and  it  regularly  reap- 
pears each  morning.  Moreover,  if  attentively  watched, 
it  will  be  found  to  rise  and  set  at  different  parts  of  the 
horizon  of  any  place  at  different  times  of  the  year,  which 
negatives  the  ancient  belief  that  its  nocturnal  journey  was 
made  through  a  huge  subterranean  tunnel. 

g  2.  THE  DIIJBNAL  MOTION  AND  THE  CELESTIAL 

SPHERE. 

Passing  now  from  tlie  earth  to  the  heavens,  and  viewing 
the  sun  by  day,  or  the  stars  by  night,  the  first  phenomenon 
which  claims  our  attention  is  that  of  the  diurnal  motion. 

We  must  here  caution  the  reader  to  carefully  distin- 
guish between  apparent  and  reaf^  motions.  For  example, 
when  the  phenomena  of  the  diurnal  motion  are  set  forth 
as  real  visible  motions,  he  must  be  prepared  to  learn  sub- 
sequently that  this  appeurancey  which  is  obvious  to  all,  is 
yet  a  consequence  of  a  real  motion  only  to  be  detected  by 
reason.  We  shall  first  describe  the  diurnal  motion  as  it 
appears,  and  show  that  all  the  appearances  to  a  spectator 
at  any  one  place  may  be  represented  by  supposing  the 
earth  to  remain  fixed  in  space,  and  the  whole  concave  of 
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the  heavens  to  turn  about  it,  and  tiiiHlly  it  will  ha  kIiowq' 
that  we  hive  reasoii  to  believe  that  t!ie  solid  earth  iteelf 
16  in  ctinstant  rotation  wliile  the  heavens  reninin  immov- 
»l)le,  presenting  different  portions  in  turn  to  the  observer. 
The  motion  in  question  is  most  obvious  in  the  case  of  the 
6un,  which  appears  to  make  a  daily  circuit  in  the  heavens, 
ming  in  the  cast,  i>asaing  over  toward  the  sonth,  setting  in 
the  west,  and  moving  around  under  the  eartli  until  it 
reaches  the  oastern  horizon  again.  Observations  of  the  stars 
made  through  any  one  evening  show  that  they  also  appear 
to  perfi>rm  a  similar  circuit.  Wliatover  stars  we  sec  near 
tlic  Cistern  horizon  will  be  found  eoiiBtantly  JTsing  highsr, 
and  moving  toward  the  south,  wliilo  tliosc  in  the  wi 
will  be  constantly  setting.  If  we  watch  a  star  which 
neiiig  at  the  same  point  of  the  horizon  where  the 
rifiee,  we  shall  fiud  it  to  pursue  nearly  the  same  course  in 
tbe  heavens  tlirough  the  night  that  the  sun  follui 
through  the  day.  Continued  observations  will  show, 
however,  tliat  there  are  some  stars  which  do  not  set  at  all 
namely,  those  in  the  nortli.  Instead  of  rising  and  Getting, 
they  appear  to  perform  a  daily  revolution  around  a  point 
in  the  heavens  which  in  our  latitudes  is  nearly  half  way 
between  tlie  zi.:iilh  and  the  northern  horizon.  This  cen- 
tral point  is  called  the  pole  of  the  Iieavens.  Keai-  it  is 
eitnaied  Polaris,  or  tlie  pole  star.  It  may  be  i-ecog- 
n\T.&\  by  the  Poiidara,  two  stars  in  the  constellation 
rr»a  Major,  familiarly  known  aa  The  Dipper.  These 
Btars  are  shown  in  Fig.  3.  If  we  watch  any  star  be- 
tween the  pole  and  the  north  horizon,  we  shall  find 
that  instead  of  moving  from  east  to  west,  as  the  t-tars 
fTcncndly  np|)ear  to  move,  it  really  appears  to  move 
toward  the  eaet ;  but  instead  of  continning  ils  motion  and 
evttitig  ill  the  oast,  we  sliall  find  that  it  gradually  curves 
its  course  upward.  If  wu  conld  follow  it  for  twenty-four 
hours  wo  should  see  it  move  upwards  in  the  north-cast,  and 
lli«n  pii^  over  loward  the  west  butwceu  the  zenith 
the  pole,  then  sink  down  in  the  north-west  ;  and  on 
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following  night  curve  its  course  oiiw  more  lowunl  tlie 
east.  Tiie  arc  which  it  ttppears  to  descHlio  is  »  pcTfect 
circle,  hnviiij^  the  pole  in  its  centre.  Tiir;  farther  from 
the  poln  we  go,  the  larger  tht;  circle  which  eocli  star  seems 
lu  tlescrilte  ;  and  when  we  get  to  a,  distance  equal  to  that 
between  the  pole  and  the  liorizon,  each  star  in  its  appa 
i-ent  paiisage  below  the  jwle  just  grazes  the  horizon. 


As  a  result  of  tliia  apparent  motion,  each  individaal 
constellation  clianges  its  configuration  with  respect  to  the 
horizon,  that  part  which  is  highest  when  Ihe  constellation 
is  above  llie  j>ok'  being  lowest  when  below  It.  This  is 
shown  in  Figure  4,  which  represents  n  sniiposed  constel- 
lation at  five  different  times  of  the  ni^hl. 

Going  farther  still  from  the  [Mile,  the  stars  will  dip  Iw- 
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low  the  Itorizoii  cliiriiig  a  portion  of  tlieir  ccuj-se,  and  tU( 
fraclion  of  the  circle  wliirli  le  below  the  pole  will  be  coD' 
tiimully  inereafiiiig.  Looking  yet  farther  eouth  we  shall 
find  oue  half  of  the  circle  to  be  above  and  one  half  below 
the  horizon.  Farther  yet,  wesball  find  the  stars  deseribii 
shorter  arcs  while  above  the  horizon,  and  therefore  Ion] 
lines  below  it.  Near  the  eoiitli  horizon,  each  star 
for  only  a  eliort  time  a  little  to  the  ea^st  of  soutJi,  und  sooi 
Eete  a  Uttle  to  the  west  of  it. 
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If  we  carefully  study  this  motion,  we  shall  find  that  it 
doeit  not  arise  from  each  star  pursuing  an  independent  J 
(■onrse,   for   not  only  do  all  the  stars  perform  this  ap-1 
parent  revolution  in  the   very  saine  time,   but  theyuUo  i 
preserve  unchanged  their  relative    distances    from  each 
other,  with  the  exception  of  live,  called  pliiueln  or  wan- 
deritiff  gfarn.     The  thousandit  of  otherH  which  are 
to  ltu3  naked  eye  preserve  their  relative  poaitione  with  J 
BHch  exattnese  that  the  ordiiiiuy  observer  could  |}eicei\'6f| 
no  ehangc  even  after  the  lapse  of  centuries.     This  faxitfl 
tuiriirally  suggested  to  the  ancients  the  idea  that  tl 
tnuttt  Ik:  i^oiue  material  connection  butweeii  the  stars. 
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apparent  explanation,  both  of  this  and  of  the  phenomena 
of  the  diunial  motion,  was  offered  by  the  conception  of 
tlie  celestial  sphere.  The  saiient  phenomena  of  the 
heavens,  from  whatever  point  of  the  earth's  surface  they 
might  be  viewed,  were  represented  by  supposing  that  the 
globe  of  the  earth  was  situated  centrally  within  an  im- 
mensely larger  hollow  sphere  of  the  heavens.  Tlie  vis- 
ible portion,  or  npper  half  of  this  hollow  sphere,  as  seen 
from  any  point,  constitute<l  the  celestial  van  It,  and  the 
whole  sphere,  with  the  stars  which  studded  it,  was  called 
the  tirmament.  The  stars  were  set  in  its  interior  surface, 
or  the  linnament  might  be  supposed  to  be  of  a  i>erfectly 
transparent  crystal,  and  the  stars  might  be  situated  in  any 
portion  of  its  thickness.  About  one  half  of  the  sphere 
Cvould  be  seen  fro:n  any  point  of  the  earth's  surface,  the 
view  of  the  other  half  being  necessarily  cut  off  by  the 
earth  itself.  This  sphere  was  conceived  to  make  a  diurnal 
revolution  around  an  axis,  necessarily  a  purely  mathemat- 
ical line,  passing  centrally  through  it  and  through  the 
earth.  The  ends  of  this  axis  were  the  poles.  The  situa- 
tion of  the  north  end,  or  north  pole,  was  visible  in  north- 
ern latitudes,  wliile  the  south  pole  was  invisible,  being 
below  the  horizon.  A  navigator  sailing  south  would  so 
change  his  horizon,  owing  to  the  sphericity  of  the  earth, 
that  the  location  of  the  north  pole  would  sink  out  of  sight, 
while  that  of  the  south  pole  would  come  into  view. 

It  was  clearly  seen,  even  by  the  ancients,  that  the  diur- 
nal motion  could  be  as  well  represented  by  supposing  the 
celestial  sphere  to  be  at  rest,  and  the  earth  to  revolve 
;iiound  this  axis,  as  by  supposing  the  sphere  to  revolve. 
This  doctrine  of  the  earth's  rotation  was  maintained  by 
several  of  the  ancient  astronomers,  notably  by  Aristar- 
cHus  and  Timocharis.  The  opposite  view,  however,  was 
maintained  by  Ptolkmy,  who  could  not  conceive  that  the 
earth  could  be  endowed  with  such  a  rapid  rotation  with- 
out disturbing  the  motion  of  bodies  at  its  surface.  We 
now  know  that   Ptvj.kmv   was  wrong,  and  his  opponents 


right.  Still,  80  far  as  tliu  apparent  diurnui  motion  is  ton- 
cemed,  it  is  indifferent  wbetlier  we  conceive  the  earth  or 
ihe  heavens  to  be  in  motion.  Sometimes  the  one  concep- 
tion, and  sometimee  the  other,  will  make  the  phenomena 
the  more  clear.  As  a  matter  of  fact,  astronomers  opeak 
of  tl.e  sun  rising  and  setting,  jiis^  hs  othere  do,  altlioiigh 
it  is  in  reality  the  earth  which  tDriie.  This  is  a  form  of 
language  which,  heing  designed  onh-  lo  represent  the  ap- 
]K-arauee6,  need  not  lead  ns  ijito  vnor. 

Tiie  celestial  sphere  which  we  have  described  has  loi  _ 
ceased  to  figure  in  astronomy  as  a  reality  We  now  knotrl 
that  the  celestial  spaces  are  practically  perfectly  void 
that  »onie  of  the  heavenly  Ixidies,  which  iipj>ear  to  be 
the  surface  of  the  celestial  sphere  at  tqtial  distances  from 
tlie  earth  as  a  centre,  are  thousands,  or  even  millions  of 
times  farther  from  the  earth  than  others  ;  that  there  is  no 
material  connection  between  them,  and  that  the  celestial 
ophere  itself  is  only  a  result  of  optical  perspective.  But 
(itc  kngungc  and  the  conception  are  still  retained,  because 
tliey  afford  the  most  clear  and  defim'te  method  of  repre- 
senting the  directions  of  the  heavenly  bodies  from  tho 
observ'cr,  wherever  he  may  be  situated.  In  this  respect' 
it  serves  the  same  purpose  that  the  geometric  sphere 
does  in  spherical  trigonometry.  The  stndent  of  this  sci- 
ence knows  that  there  is  really  no  need  of  siippoeiug  a 
sphere  or  a  spherical  triangle,  becanse  every  spheriiial  are 
is  only  the  representative  of  an  angle  between  two  linee 
which  emanate  from  the  centre,  one  to  each  end  of  the 
arc,  while  the  angles  of  the  triangle  are  on'y  those  of  the 
planes  containing  the  three  lines  which  are  drawn  to 
each  angle  from  tlie  centre.  Spherical  trigonometry  is, 
therefore,  in  reality,  only  the  trigonometry  of  solid 
nnglc^  ;  and  the  purj>ose  of  the  sphere  is  only  to  afford  a 
convenient  method  of  conceiving  of  such  angles.  In  the 
same  way,  although  the  celestial  sphere  has  no  real  ex- 
iittvnee.  yet  by  conceiving  of  it  as  a  reality,  and  supposing 
certain  lines  of  reference  drawn  upon  it,  we  are  enabled  to 
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foiTU  an  idea  of  tiie  it^lattTe  directioiia  of  tlie  lieavenly 
bodies.  We  may  <ri>ni:eive  of  it  in  two  ways  :  firetly,  as 
having  an  infinite  railius,  in  which  ca&e  the  centre  of  the 
earth,  or  aiiy  point  uf  its  surface,  may  equally  be  supposed 
to  be  in  the  centrt:  of  the  celestial  sphere  ;  iir,  secoudly.  we 
may  suppobe  it  to  be  tinite,  the  observer  carrying  the  oen- 


tre  with  him  wherever  be  goes.  The  first  assumption  will 
probably  be  the  one  which  it  is  best  to  ndopr,  Tlie  object 
attained  by  each  mode  of  representation  is  that  of  lia\ing 
the  observer  always  in  the  centre  of  the  supposed  sphere. 
Fig.  5  will  give  the  reader  an  idea  of  its  application.  He 
is  supposed  to  be  stationed  in  the  centre,  0,  and  to  have 
around  him  the  bodies ^^  •/■»/,  etc.  The  sphere  itself 
being  supposed  at  an  immense  distance,  outside  of  all 
these  bodies,  we  may  suppose  lines  to  be  drawn  from 
each  of  them  directly  away  fn}ni  the  centre  until  they 
reach  the  sphere.     The  point*  P  Q  Ji  S  T,  etc.,  in  which 


tli€«e  line?  intersect  the  sphere,  will  represent  the  appa- 
rent poeitionB  of  the  heavenly  bodies  as  seen  hy  the  oh- 
Berver  at  O.  If  several  of  them,  as  those  marked  1 1 1, 
are  in  the  same  direction  from  the  observer,  they  will  ap- 
pear to  be  projected  on  the  same  point  of  the  sphere. 
Thofi  positions  on  the  sphere  represent  simply  the  direo- 
tioUB  in  which  the  bodiea  are  seen,  but  have  no  direct  r». 
latious  to  the  distance. 

It  was  seen  by  the  ancients  that  the  earth  was  only  a 
point  in  comparison  with  the  apparent  sphere  of  the  fixed 
utars.  Tliia  was  shown  by  tlie  uniformity  of  the  diurnd 
motion  ;  if  tlie  eartli  had  any  sensible  magnitude  in  coroi- 
pdrison  with  the  sphere  of  the  heavens,  the  sun,  or  a  star, 
wonid  seem  to  be  nearer  to  the  olffierver  when  it  passed 
tiie  meridian,  or  any  point  near  his  zenith,  than  it  would 
when  it  was  below  the  horizon,  or  nearly  under  his  feet, 
by  a  <}iiantity  equal  to  the  diameter  of  the  oartli.  Being 
nearer  to  him,  it  would  seem  to  move  more  rapidly  when 
above  the  horizon  than  when  below,  and  its  appai'eiit  angular 
dimensions  would  he  greater  in  the  zenith  than  in  the 
horizon.  As  a  matter  of  fact,  however,  the  most  re&ied 
observations  do  not  show  the  slightest  variation  from 
jierfect  uniformity,  no  matter  what  the  point  at  which 
the  observer  may  stand.  Tiierefore,  oljservers  all  over 
the  earth  are  apparently  equally  near  the  stars  at  every 
)ioint  of  their  apparent  diurnal  patbs ;  whence  their 
distance  must  be  so  great  that  in  proportion  to  them  the 
diameter  of  the  earth  entirely  vanishes.  This  argument 
holds  etjaally  true  whether  we  snppose  the  earth  or  the 
heavens  to  revolve,  because  the  observer,  carried  around 
by  the  rotating  earth,  will  be  brought  nearer  to  those 
fit«rs  which  are  over  his  head,  and  carried  farther  from 
thorn  when  he  ie  on  the  opposite  side  of  the  circle  in 
which  he  moves. 


I 


Suppose  the  earth  to  b«  at  O.  and  the  nelestial  sphere  of  the  fixed 
Stan  to  be  represented  in  the  figure  by  the  circle  N  Z  Q  S  n,  etc 
liuppoM  .V  S  fi  W  In  ivpre»ent  the  plane  of  the  horaon  of  tome 
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observer  on  the  earth's  surface.     He  will  then  «ee  every  thing  aitm'' 

>  this  plane,  and  nothing  below  it. 

I  If   JfESh  hia  ia»(fm  horiion, 

-8  will  appear  to  rise  at  various 

J   points,  g,  E,  d,  a,  etc.,  and  will 

I  apjtear   to   describe  circles  until 

Ihey  attain   tlieir  highest  points 

at   h,  Q,  t.   h,   etc.,  sinking   into 

I   the  western  liorizon  at  t.  W,  /,  c. 

These  are  facta  of  observa- 

I.     The  common  aiit  of  these 

I  circles  is  P  p.  and  stars  about  P 

I   (the  paU)  never  set.     The  appa- 

I  rent  dium&l  arc  I  m,  for  instance, 

I  represents  the  apparent  orbit  oCfj 

I  a  dreiitnpolar  star.  ^H 


We  have  said  that  the  direction  of  a  heavenly  body 
from  an  observer,  or,  wliioh  is  the  same  tiling,  it«  ap- 
parent position,  is  dethied  by  the  point  of  the  celestial 
sphere  on  which  it  eeemB  to  be.  This  point  is  that  in 
which  the  straight  line  drawn  from  the  observer  to  the 
body,  and  continued  forward  indefinitely,  meets  the  celes- 
tial sphera.  Its  position  is  fixed  by  reference  to  certain 
fnndamental  eirclea  supposed  to  be  drawn  on  the  sphere, 
on  the  same  plan  by  which  longitude  and  Utitude  on  the 
earth  are  fixed.  The  system  of  thus  defining  terrestrial 
positions  by  reference  to  the  earth's  equator,  and  to  some 
prime  meridian  from  which  we  reckon  the  longitudes,  is  one 
with  which  the  reader  may  be  supposed  familiar.  We  shall 
therefore  commence  with  those  circles  of  the  celestial 
sphere  which  correspond  to  the  meridians,  parallels,  etc, 
on  the  earth. 

First,  we  remark  that  if  we  consider  the  earth  to  be  at 
rest  for  a  moment,  every  point  on  its  surface  is  at  the  end 
of  a  radius  which,  if  extended,  woold  touch  a  correspond- 
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iny  point  upon  the  celeetial  sphere.  This  point  is  called 
the  unilh  of  the  point  on  the  earth.  In  other  words, 
the  zenith  i«  defined  by  a  line  passing  through  the  centre 
of  the  earth  to  tlie  observer,  and  continuing  directly  up- 
ward until  it  meets  the  celestial  sphere.  To  the  observe] 
this  line  neeeesarily  appears  vertical,  because,  wherever 
may  be,  he  understands  by  a  vertical  line  one  passing  froi 
where  he  stands  toward  the  centre  of  the  earth,  Aa  the 
earth  revolves,  the  direction  of  tliis  line  in  relation  to  any 
£xcd  diameter  of  the  celestial  sphere  necessarily  varies, 
and  therefore  the  point  in  which  it  cuts  the  celestial  spbors 
or  the  Kenith  of  the  observer  varies  also  in  space.  Let  us 
suppose  lirsl  that  the  observer  is  on  the  earth's  equator. 
Then  he  will  see  both  the  north  and  the  south  pole  in  the 
horizon  directly  opposite  each  other.  Looking  upward  he' 
will  see  his  zenith  half  way  between  tlie  poles.  Then, 
the  earth  revolves  on  its  axis,  his  zenith  will  describe 
great  circle  around  the  celestial  sphere,  every  point  of 
which  will  be  equally  distant  from  the  two  poles.  If 
unagine  an  infinitely  long  pencil  reaching  from  any  point 
of  the  earth's  equator  vertically  up  to  the  stars,  we  may 
conceive  that  its  point  marks  out  an  equator  among  them. 
A  complete  revolution  of  the  earth  brings  it  back  to  tlie 
place  from  which  it  started,  and  thuscomi)letes  llie  circle. 
The  imaginary  circle  thus  descril)ed  in  the  heavens  is 
called  the  (xUstial  equator.  The  relation  which  it  l>eani 
to  tlie  terrestrial  equator  is  that  every  point  of  It  is  above  a 
corresponding  point  of  the  latter.  The  two  equatoi-s  lie 
in  the  sime  plane,  passing  through  the  centre  of  the 
earth,  wliicb  plane  is  called  the  plane  ef  the  equator,  and 
belongs  to  both  the  celestial  and  terrestrial  spheres. 

Now  suppose  that  the  observer  passes  from  the  equator 
to  45°  of  north  latitude.  His  horizon  having  changed  by 
i.")",  the  north  pole  will  now  be  45'  above  the  horizon, 
and  45°  from  the  zenith.  Then,  by  the  revolution  of  the 
earth,   his  zenith  will  describe  a  circle  on   the  celestial 
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spliere  which  will  be  everywhen.'  45°  distant  from  tha 
celestial  eqnator.  This  circle  will  thus  correspond  to  the 
paraliol  of  45°  north  upon  the  earth.  If  he  goea  to  lati- 
tude 60"  north,  ho  will  boo  the  pole  at  an  elevation  of  60", 
and  Ilia  zenith  will  in  the  same  way  deecribo  a  circle  which 
will  be  everywhere  Oi'°  from  the  celestial  equator,  and  30° 
from  the  pole.  If  he  passes  to  the  pole,  tlie  latter  will 
be  directly  over  his  head,  aud  liis  zenith  will  not  move  at 
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all.  The  celefitial  pole  is  simply  the  point  in  which  the 
earth's  axis  of  rotation,  if  continued  out  in  a  straight  line 

of  infinite  length,  would  meet  t!io  celestial  sphere.  We 
thus  have  a  series  of  circles  on  the  relestial  sphere  corre- 
sponding to  the  parallels  of  latitude  upon  the  earth. 
Unfortunately  the  celestial  element  corresponding  to 
latitude  on  the  earth  is  not  called  by  that  name,  but  by 
that  of  deelination.  The  dtxlinaiwn  of  a  star  is  its 
distance  nort.h  or  south  from  the  celestial  equator,  pre- 
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1  the  eartli  is  dietanr^  from  the  earth' 
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cist-ly  as  latitude  < 
equator. 

Let  LWa  plncc  oi 
Md  E  Q  its  equMo 
ncnith  aitd  JI R  the  hori/xin  of  X. 
L  O  Qw  the  tatitwte  of  X  acrord- 
ing  to  onUnaiy  ^ographical  de- 
floitioni :  i.e.,  it  is  ks  aogular  dia- 
lonre  from  the  equntor. 

Pnilong  0  Pindefinittlj  to  P", 
and  draw  L  f"  parallel  to  it.  To 
nn  oltwrrer  at  L  the  elevated  ])ole 
of  thf  hea*cnE  will  be  seen  along 
Ihn  Hqu  L  f\  becaiiB«  nt  an  in- 
finite distance  the  distance  /*  P' 
will  appear  like  a  point.  //  L  Z= 
POQ».nA  ZLP^=ZOP',lieace 
I'LlI=LOQ~tbat  is,  the  dew 
lion  of  tht  pole  nhot*  the  aJfiliai 
koritaa  it  egvai  to  the  latitude  of"  the 
plaiv.  Referring  tu  Fig.  B,  it  can  at 
aoce  be  Kcn  tlut  HelatUvde  of  a 
plaapm  the  earth^t  fur/aee  m  equal  Flo.  8. 

lolhedecUnatim^thetmUhofthat 

I'taeit.  nfloe  the  decUuatioii  of  the  zenith  is  equal  to  the  altitude  of 
the  elevated  pole. 

We  have  next  to  consider  the  correspondence  between 
the  ccIeetiiU  and  terr^trial  meridians.  A  terrestrial  me- 
ridian IB  an  imaginarj'  line  dra«-n  along  the  earth's  6urfac« 
in  a  north  and  aouth  direction  from  one  pole  to  the  other. 
These  meridians  diverge  from  one  pole  in  every  direc- 
tion, and  meet  at  tlie  other  pole.  Sometimes  they  are 
called  hy  the  names  of  places  thoy  pass  through,  as  the 
nicridtau  of  Greenwich,  or  the  meridian  of  Washington. 
Each  meridian  may  lie  considered  as  tlie  intersection  with 
the  earth's  snrfacc  of  a  plane  passing  tlirongh  the  axis  of 
the  earth,  and  therefore  through  both  poles.  Sucli  a 
plane  will  eut  tlie  earth  into  two  equal  heinispheree,  and 
will  of  course  be  vertical  with  the  earth's  surface  along 
every  part  of  ite  line  of  intersection.  This  plane  is  called 
tlie  plane  of  tlie  meridian  ;  and  by  continning  it  out  to 
the  cdeetial  sphere,  we  should  have  a  celestial  meridiiUL 
oorreopcmding  to  each  terrestrial  one,  precisely  as  we  bars: 
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cirt'les  uf  ikcliii.ilii'ii  eorrcepoiiding  to  jjanillek  of  latitude 
on  the  earth.  But  owing  to  the  rotation  of  the  earlli.  tlie 
circle  in  which  tlie  plane  of  the  meridian  t»f  siiij  piace  in- 
terseole  the  celcstiat  Bphei-e  will  be  continually  mo^-ing 
among  the  Pturs,  so  that  there  is  no  sncli  perra.inent  cor- 
rcsponticnce  aa  in  the  case  of  the  dccliniitidns.  Thia 
does  not  prevent  ns  from  conceiving  iinagiiittrj'  meridians 
pRfigiiig  from  one  pole  of  the  heavens  to  the  other  pre- 
cisely as  the  meridians  on  the  earth  do,  only  these  me- 
ridians will  bo  iipparently  in  motion,  owing  to  the  rotation 
of  t!ie  earth.  We  may,  in  fact,  conceive  of  two  sets  of 
incridiana — one  really  at  rest  among  the  stars,  but  appa- 
rently moving  from  east  to  weat  around  the  pole  as  the 
stars  do,  and  the  other  the  terrestrial  meridians  continued 
to  the  celestial  sphere,  apparently  at  rest,  but  really  in 
motion  from  west  to  east.  The  relations  of  these  me- 
ridians will  be  best  understood  when  we  explain  the  in- 
Rtrr.mentB  and  metho<1a  by  whieb  they  are  fixed,  and  by 
which  the  positions  of  the  stare  in  the  heavens  are  deter- 
mined. At  present  wo  will  confine  ourselves  to  the  eon- 
siileration  of  the  celestial  meridians. 

The  reader  will  understand  that  these  meridians  pass 
from  one  pole  of  the  celestial  sphere  to  the  other,  pre- 
cisely as  on  tlie  globe  terrestrial  meridians  pass  from  one 
pole  to  the  other,  and  that  being  lixed  among  the  stars, 
they  appear  to  turn  around  the  pole  as  the  stars  appear  to 
do.  As  on  the  earth  differences  of  longitude  between 
different  places  are  fixed  by  the  differences  between  the 
meridians  of  the  two  places,  so  in  the  heavens  what  cor- 
responds to  longitude  is  fixed  by  the  difference  between 
the  celestial  meridians.  This  co-oniinate  is,  however,  in 
the  heavens  not  called  longitude,  but  ri<fht  aseenaioti. 
Let  the  student  very  thoroughly  iuipress  upon  his  mind 
this  term — right  ascension— whieh  is  longitude  on  the 
celestial  sphere,  and  also  the  term  we  have  before  spoken 
of — d-edinaiion — which  is  latitude  on  the  celestial  sphere. 

In  order  to  fix  the  right  ascension  of  a  heavenly  body. 
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wc  tniiiil  liavc  a  first  uieridiuti  t<»  toniit  from,  precisely 
on  tlie  earth  we  count  longiti]tle»<  fiiiin  tlie  tiiendian  of 
Greenwich  ur  of  Witsliitigton,  It  is  indifferent  what  me- 
ridian we  tukv  as  the  first  one ;  but  it  is  ru^toniaiy  to 
adopt  the  meridian  of  tl^  vernal  equinox.  What  the  ver- 
nal e({uini>x  is  will  lie  dewribed  hereafter  :  for  our  pre** 
pnt  purposes,  nothing  more  is  necessary  than  to  nndor- 
Rtand  that  a  certain  meridian  is  arbitrarily  taken.  It'  now 
we  wiali  to  fix  the  right  ascension  of  a  star,  we  have  only  ■ 
to  imagino  a  meridian  passing  through  it,  and  to  dctor- 
laino  the  angle  which  this  meridian  makes  with  the  meri- 
dian (if  the  vernal  equinox,  as  measured  from  WL-st  to  nast 
o:i  the  oquutor.  Tliat  angle  will  bo  the  rigiit  ascension  dC 
n  star.  As  alnudy  inJIcatod,  the  declination  of  a  star 
v.ill  tte  its  angular  distance  from  the  equator  measui-ed  on 
thiji  meridian.  Tims,  the  right  nscension  and  declination 
of  n  etAT  fix  its  apparent  position  on  the  celestial  sphere, 
pr.-cieeljr  as  latitude  and  longitude  fix  the  position  of  a 
jtoint  ou  tlic  surface  of  the  earth. 

To  give  precision  to  the  ideus,  wo  presL-nt  a  brief  con- 
densation of  this  subject,  with  additional  definitions. 

Let  /' Z /^  iV  represent  the  celestial  sphere  of  an  ob- 
8f  rver  in  the  northern  hemisphere,  0  being  the  posilitiB 
of  the  earth.  Pp  is  the  axisof  tfie  Mlestial  ap/iei-e,  or 
tho  line  n1>out  which  the  apparent  diurnal  orbits  of  thQ 
ataiB  and  the  actual  revolution  of  the  earth  ai-e  performed. 

The  senitk,  Z,  is  tlu  point  immediately  above,  the 
nadir  n,  the  point  immediately  below  the  observer. 
The  direction  Zh  is  defined  in  practice  by  the  position 
freoly  aseamed  by  the  plnmb  line. 

The  celestial  korison-  is  the  plane  perpendicular  to  the 
line  joining  the  senith  and  nadir  N  ES  H';  or  it  is  tJio 
tiirn«triid  liorizon  continued  till  it  meets  the  celestial  sphere. 

The  celestial  horizon  intersects  the  earth  in  the  rational 
horison,  which  pa^ca  through  the  oartirs  centre,  and 
which  »  Bo  called  in  diatinctiuii  to  the  HenaUilc  horizon, 
which  ia  the  plane  tangent  to  the   earth's  surface  at  any- 
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[itiiiit.     l!iit,  mKM  t)ie  earth  itself  is  cuiisiJen-tl  uj^  Imt^l 
point  ill  cunipariBon  with  tlm  celestial  sphere,  the  rational 
nad  sonaible  horizons  are  coneidei-ed  as  one  and  the  same 
cii-cle  on  ihie  sphere. 

Tlie  wlential poUs  are  the  extremities  of  the  a:eU  of  M*  \ 
celesiied  »pfwFe  P  p,  tlie  north  pole  being  that  one  wliieh 
is  above  the  horizon  in  the  latitude  of  ^"ew  York,  in  the 
northern  hemisphere. 

The  circk's  it]jji:irontly  described  by  the  stars  in   their 
diurnal  orhits  aw.  I'alled  panUl-eh  uf  dejdinatuin,  KS ; 


that  one  whose  plane  passes  throngh  the  centre  uf  the 
sphere  being  the  cdedial  tqiiator,  or  tlie  equinoctial, 
C  W  D. 

The  cehailal  equator  is  then  that  parallel  of  declination 
which  is  a  great  circle  of  the  celestial  sphere. 

The  figure  illuKtrates  the  phenomena  which  appear  in 
the  heavens  to  an  observer  npon  tlie  earth.  The  stjii-s 
which  lie  in  the  equator  have  tjieir  dinrnal  paths  bisccte  I 
bv;  the  hsrhWD,  and  are  as  long  above  tlie  huriz<jii  us  below 
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it  \  titoee  whose  distances  from  tliu  jiole  (polar-distancai 
kre  greater  than  90°  will  be  a  shorter  time  above  tlie  h<^ 
rizon  ;  those  whose  polar-dwtancca  arc  less  tlutn  90*"  i 
longer  time. 

The  circle  N  KAtxvin  around  the  pole  /*  as  a  centre  ■ 
eo  96  to  graze  the  horizon  is  called  the  cirde  of  perpetual  ] 
apparition,  because  stars  situated  witbiu  it  oever  set.  I 
The  corresponding  circle  S  R  round  the  south  pole  iam 
called  the  circle  qf  perpetual  dinappearance,  because  stai 
vitlitn  it  never  rise  above  our  horizon. 

The  great  circle  passing  through  the  senith  and  thel 
pole  is  the  celestial  meridian,  NP  Z S.  The  meridian\ 
intersects  the  horizon  in  the  meridian  line,  and  the  points  J 
jVand  >¥  are  the  north  and  south  points. 

'Ibc prime  vertical,  ^'ZTT,  is  perpendicular  to  the  n 
dian  line  and  to  the  horizon :  ita  extremities  in  the  hori'^ 
200  are  the  east  and  west  juiinta. 

The  mfridian  pliine  is  perpendicular  to  tlie  eqvator  naH 
to  the  hori-ion,  and  therefore  to  their  iatersciition.     Ileiieol 
thU  intersection  is  the  eaet  and  west  line,  which   is  thoa.! 
deterniiued  by  the  intersection  of  the  planes  of  the  eijuatoi 
and  of  tlie  horizon. 

The  tdtilude  ot  a  heavenly  body  is  its  appiircnt  distancf 
above  the  horizon,  expressed  in  degrees,  minutes,  and'1 
seconds  of  arc.     In  the  zenith  the  altitnde  is  90°,  whicli] 
is  the  greatest  possible  altitude. 

If  A  he  any  heavenly  body,  the  angle  Z P  A  which  the 
circle  PA  drawn  from  the  pole  to  the  body  makes  with 
the  meridian  is  called  the  hour  UTu/le  of  the  body.  The 
hour  angle  is  the  angle  througli  which  the  earth  has  ro- 
tated on  its  axis  since  the  body  was  on  the  meridian.  It 
is  so  calleil  because  it  measures  the  time  which  has 
elapsed  since  the  passage  of  the  body  over  the  men* 
dian. 

That  diameter  of  tlie  earth  which  is  coincident  with  the  | 
constant  direction  of  the  axis  of  the  celestial  sphere  is  iti 
am.  and  intersects  tlie  earth  in  lie  north  and  aouth  poles; 
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§  4.  THE  DIUBITAI.  MOTIOM"  VS  IUFFJSBSNT  I>A.il- 
TtTDES. 

Ae  wo  have  seen,  tlie  celcstiul  horizon  of  an  observer 
will  ohaDge  ito  plate  on  the  celestial  Biibere  as  the  observer 
travels  from  place  to  plate  on  the  eurfaee  of  the  earth. 
If  he  movcB  directly  toward  tlie  north  his  zenith  wil!  ap- 
proach the  north  pole,  but  ae  the  zenith  is  not  a  visible 
point,  the  motion  will  be  naturally  attributed  to  the  pole, 
which  will  seem  to  approach  the  point  overiiead.  The 
now  apparent  poeitioii  of  the  pole  ivill  change  the  asperit 
of  the  observer's  sky,  as  the  higher  the  ^jole  appears  above 
the  horizon  the  greater  the  circle  of  perpetual  apparition, 
and  therefore  the  greater  the  number  of  stars,  which 
never  set. 


If  the  ol>6er\'er  is  at  the  north  pole  liis  zenith  and  the 
pole  itself  will  coincide  :  half  of  the  stars  only  will  be  tIb- 
Ible,  and  theae  will  never  rise  or  set,  but  appear  to  move 
aiwund  in  circles  pariillel  to  the  horizon.  The  horizon 
and  eijuator  will  coincide.  T!ie  meridian  will  be  indeter- 
minato  since  Z  and  P  coincide  j  there  will  be  no  east  and 
west  line,  aud  no  dire<rtion  but  south.  The  sphere  in  this 
case  is  called  a  parallel  up/ur/v. 
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If  ittstoid  of  ti-ivelling  to  the  north  the  observer  ehould 
I  go  toward  the  equator,  the  north  pole  would  seem  to  ap- 
I  proach  his  horizon.  When  he  Peached  the  equator  l)oth 
L{>alea  would  be  'n\  the  horizon,  one  north  and  tlie  other 
All  tlie  stnrs  in  succeesioD  would  then  be  visible, 
1  would  be  an  equal   time  alwve  and  below  tba  ] 


The  Bphere  in  thie  ome  is  called  a  right  sphere,  because 
the  diamal  nioUon  ia  at  right  angles  to  the  horizon.  If  now 
the  oljw;r%'er  travels  southward  from  the  equator,  the  south 
p-^le  will  Itecome  elevated  aljove  his  horizon,  and  in  the 
eoiitliem  ticmiephore  appearances  will  be  reproduced 
which  we  have  already  described  for  the  northern,  except 
that  tlie  direction  of  the  motion  will,  in  one  respect,  be 
different.  The  heavenly  bodies  will  still  rise  in  the  east 
and  set  in  the  west,  bnt  those  near  the  equator  will  pass 
north  of  the  zenith  instead  of  south  of  it,  as  in  our  lati- 
tudes. The  sun,  instead  of  moving  from  left  to  right, 
tliere  moves  from  right  to  left.  The  bounding  line  be- 
tween tlio  two  directions  of  motion  is  the  equator,  where 
tlie  sun  culminates  north  of  the  zenith  from  Marcli  till  i 
8opt€9nbcr,  and  south  of  it  from  September  till  March. 

If  the    observer  travels  west  or  east  of  his  first  sta- 
tion,  lii*«   zenith  will  still   remain   at   the   same   angular  I 
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distance  from  the  north  pole  as  before,  and  as  the  phe- 
nomena caused  by  the  earth's  diurnal  motion  at  any 
place  depend  only  upon  the  altitude  of  the  elevated  pole 
at  that  place,  these  will  not  be  changed  except  as  to  the 
times  of  tlieir  occurrence.  A  star  which  appears  to  pass 
through  the  zenith  of  his  first  station  will  also  appear  to 
pass  through  the  zenith  of  the  second  (since  each  star  re- 
mains at  a  constant  angular  ^distance  from  the  pole),  but 
later  in  time,  since  it  has  to  pass  through  the  zenith  of 
every  place  between  the  two  stations.  The  horizons  of 
the  two  stations  will  intercept  different  portions  of  the 
celestial  sphere  at  any  one  instant,  but  the  earth's  rotation 
will  present  the  same  portions  successively,  and  in  the 
same  order,  at  both. 

§  6.  BELATION  OF  TIME  TO  THE  SPHERE. 

Different  Kinds  of  Time.— We  have  seen  (p.  17)  that 
the  earth  rotates  uniformly  on  its  axis — that  is,  it  turns 
through  equal  angles  in  equal  intervals  of  time.  This  ro- 
tation can  be  used  to  measure  intervals  of  time  when 
once  a  unit  of  time  is  agreed  upon.  The  most  natm*al 
unit  is  a  day. 

A  sidereal  diiy  is  the  interval  of  time  required  for  the 
earth  to  make  one  complete  revolution  on  its  axis.  Or, 
what  is  the  same  thing,  it  is  the  interval  of  time  between 
two  consecutive  transits  of  a  star  over  the  same  meridian. 
The  sidereal  dav  is  divided  into  24  sidereal  hours  ;  each 
hour  is  divided  into  60  minutes  ;  each  minute  into  60 
seconds. 

In  making  one  revolution,  the  earth  turns  through  360®, 
so  that 

24  hours     =  360" ;  also 

1  hour      =     15° ;  r  =  4  miiiutes  ; 

1  minute  =     15'  ;  1'  =  4RecondB; 

1  second  =     15"  ;  V  =  0066  ...  sec. 

The  hour-angle  of  any  star  on  the  meridian  of  a  place 
is  zero  (by  definition  p.  25).  It  is  then  at  its  transit  or 
culmination. 
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As  the  earth  rotates,  the  meridian  moves  away  (east- 
wardly)  from  this  star,  whose  hour-angle  continually  in- 
creases from  0®  to  360®,  or  from  0  hours  to  24  hours. 
Sidereal  time  can  then  be  directly  measured  by  the  hour- 
angle  of  any  star  in  the  heavens  which  is  on  the  meridian 
at  an  instant  we  agree  to  call  sidereal  0  hours.  When  this 
star  has  an  hour-angle  of  90°,  the  sidereal  time  is  6  hours  ; 
when  the  star  has  an  hour-angle  of  180°  (and  is  again  on 
the  meridian,  but  invisible  unless  it  is  a  circumpolar  star)  it 
is  12  hours  ;  when  its  hour-angle  is  270°  the  sidereal  time 
is  18  hours,  and,  Unally,  when  the  star  reaches  the  upper 
meridian  again,  it  is  24  hours  or  0  hours.  See  Fig.  9 
where  E  C  W  D  \%  the  apparent  diurnal  path  of  a  star 
in  the  equator.     It  is  on  the  meridian  at  C. 

Instead  of  choosing  a  star  as  the  determining  point 
whose  transit  marks  sidereal  0  hours,  it  is  found  more  con- 
venient to  select  that  point  in  the  sky  from  which  the 
right  ascensions  of  stars  are  counted — the  vernal  equinox — 
the  point  V  in  the  figure.  The  fundamental  theorem  of  si- 
dereal time  is,  the  hcniT-angle  of  the  vernal  equinox  or  the 
sidereal  time  is  equal  to  the  right  ascension  of  the  meri- 
dian, that  is  c  v=  V  a 

To  avoid  continual  reference  to  the  stars,  we  set  a  clock 
so  that  its  hands  shall  mark  0  hours  0  minutes  0  seconds 
at  the  transit  of  the  vernal  equinox,  and  regulate  it  so  that 
its  hour-hand  revolves  once  in  24  sidereal  hours.  Such  a 
dock  is  called  a  sidereal  clock. 

Time  measured  by  the  hour-angle  of  the  sun  is  called 
true  or  apparent  solar  time.  An  apparent  solar  day  is 
the  interval  of  time  between  two  consecutive  transits  of 
the  sun  over  the  upper  meridian.  The  instant  of  the 
transit  of  the  sun  over  the  meridian  of  any  place  is  the 
apparent  noon  of  that  place,  or  local  apparent  noon. 

When  the  sun's  hour-angle  is  12  hours  or  180°,  it  is 
local  apparent  midnight. 

The  ordinary  sun-dial  marks  apparent  solar  time.  As 
a  matter  of  fact,  apparent  solar  days  are  not  equal.     The 
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reason  for  this  is  fully  explained  later  (p.  258).  Hence 
our  clocks  are  not  made  to  keep  this  kind  of  time,  for  if 
once  set  right  they  would  sometimes  lose  and  sometimes 
gain  on  such  time. 

A  modified  kind  of  solar  time  is  therefore  used,  called 
mean  solar  time.  This  is  the  time  kept  by  ordinary  watches 
and  clocks.  It  is  sometimes  called  civil  time.  Mean  solar 
time  is  measured  by  the  hour-angle  of  the  mean  sun,  a 
fictitious  body  which  is  imagined  to  move  uniformly  in 
the  heavens.  The  law  according  to  which  the  mean  sun 
is  supposed  to  move  enables  us  to  compute  its  exact  position 
in  the  heavens  at  any  instant,  and  to  define  this  position  by 
the  two  co-ordinates  right  ascension  and  declination.  Thus 
we  know  the  position  of  this  imaginary  body  just  as  we 
know  the  position  of  a  star  whose  co-ordinates  are  given, 
and  we  may  speak  of  its  transit  as  if  it  were  a  bright  ma- 
terial point  in  the  sky.  A  mean  solar  day  is  the  interval 
of  time  between  two  consecutive  transits  of  the  mean  sun 
over  the  upper  meridian.  Mean  noon  at  any  place  on  the 
earth  is  the  instant  of  the  jnean  sun's  transit  over  the  meri- 
dian of  that  place.  Twelve  hours  after  local  mean  noon 
\^\oQ.2Xmean  inuhiigld.  The  mean  solar  day  is  divided 
into  24  hours  of  GO  minutes  each.  Each  minute  of  mean 
time  contains  60  mean  solar  seconds. 

We  have  thus  three  kinds  of  time.  They  are  alike  In  one  point. 
Each  is  measured  by  the  hour-angle  of  some  body,  real  or  assumed. 
The  body  cliosen  determines  the  kind  of  time,  and  the  absolute  length 
of  the  unit— the  day.  The  simplest  unit  is  that  determined  by  the 
uniformly  rotating  earth — the  sidereal  day  ;  the  most  natural  unit  is 
that  determined  by  the  sun  itself — the  apparent  solar  day,  which, 
ho  waver,  is  a  variable  unit ;  the  most  convenient  unit  is  the  mean 
solar  day. 

Comparative  Lengths  of  the  Mean  Solar  and  Sidereal 
Day.— As  a  fact  of  observation,  it  is  found  that  the  sun 
appears  to  move  from  west  to  east  among  the  stars,  about 
1°  daily,  making  a  complete  revolution  around  the  sphere 
in  a  year.  The  reason  of  this  will  be  explained  later  (p. 
101> 
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Henoe  an  apparent   solar   day   will  be    longer  than 
ndereal  day.     For  suppose  the  sun  to  be  at  tlie  venuil 
etjnioux  exactly  at  sidereal  noon  {0  houre)  of  WaBhiiigtoii 
time  on  &Iarch  2Ist — that  iu,  the  vernal  equinox  and  the 
Min  are  both  on  the  meridian  of   Washington  at  the  same 
ioetant.     In  24  sidereal    hours  the   vernal  equinox  will 
agaun  be  on  the  eaine   meridian,  but   the  enn  will  have 
moved  eaetwardly  by  about  a  degree,  and  the  eartli  will 
have  to  turn  throngh  tliis  angle  and  a  little  more  in  order 
that  the  eiin  Khali  again  be  on  the   Washington   meridian, 
or  in  order  that  it  may  be  apparent  noon  on  March  23dj 
For  tiie  meridian  to  overtake  the  sun   requires  about 
minntea  of  sidereal  time.     The  true  sun  does  not  move, 
wc  have  said,  imiformly.     The  mean  san  is  supposed 
move  nniformly.   but  to  make  the  circuit  of  the  heavei 
in  the  came  time  as  the  real  sim.     Hent-e  a  meansolar  daj 
will  also  be  longer  than  a  sidereal  day,  for  the  same  reasoi 
that  the  apparent  soiar  day  is  longer.     The  exact  relf 
tiouis  : 

1  BideroLl  it,j  =     0-697  mean  solnr  dny, 

S-t  Bl.l«r«anii)nni  =  2Z^  SS"  4''001  mean  Bolai  Ha 

I  niMD  Bolut  dAjr      =      l-003sidBreiil  dayg, 

31  mean  Bobr  lioun  =         34^  3"  5Q''55o  Bidereftl  lime. 

and 

1I8(I'24322  Kidenal  dnvB         =  363-31333  iiimd  soiar  At.jt.. 

Local  Time.  -When  the  mean  sun  is  on  the  meridiai 
a  place,  as  Boston,  it  is  mean  noon  at  Boston.  When  the 
mean  eun  is  on  the  meridian  of  St.  Louis,  it  is  mean  noon 
at  St.  Louis.  St.  Lonifi  being  west  of  Boston,  and  the 
earth  rotating  from  west  to  east,  the  local  noon  of  Boston 
occurs  before  the  local  noon  at  St.  Louis.  In  the 
same  way  the  local  sidereal  time  at  Boston  at  any  given 
instant  is  expressed  by  a  larger  number  than  the  local 
sidereal  time  of  St.  Louis  at  that  instant. 

The  eidoreal  time  of  our  common  noon  is  given  in  tl 
)i£ln>nomical  ephemeris  for  every  day  of  the  year.     It 
be  fonnd  within  ten  or  twelve  minutes  at  any  time 
membering  that  on  March  2Ut  it  is  sidereal  0  hours  al 
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noon,  on  April  2l8t  it  is  about  2  hours  sidereal  time  at 
noon,  and  so  on  through  the  year.  Thus,  by  adding  two 
hoars  for  each  month,  and  four  minutes  for  each  day  after 
the  21st  day  last  preceding,  we  have  the  sidereal  time  at 
the  noon  we  require.  Adding  to  it  the  number  of  hours 
since  noon,  and  one  minute  more  for  every  fourth  of  a  day 
on  account  of  the  constant  gain  of  the  clock,  we  have  the 
sidereal  time  at  any  moment. 

Example. — Find  the  sidereal  time  on  July  4th,  1881, 
at  4  o'clock  A.M.     We  have  : 

h      m 

June  2l8t,  3  months  after  March  2l8t ;  to  be  X  2,   6     0 
July  3d,  12  days  after  June  2l6t ;   X  4,  0  48 

4  A.M.,  16  hours  after  noon,  nearly  }  of  a  day,        16     3 
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This  result  is  within  a  minute  of  the  truth. 


Belation  of  Time  and  Longitude. — Considering  our  civil 
time  which  depends  on  the  sun,  it  will  be  seen  that  it  is 
noon  at  any  and  every  place  on  the  earth  when  the  sun 
crosses  the  meridian  of  that  place,  or,  to  speak  with  more 
precision,  when  the  meridian  of  the  places  passes  under 
the  sun.  In  the  lapse  of  24  hours,  the  rotation  of  the 
earth  on  its  axis  brings  all  its  meridians  under  the  sun  in 
succession,  or,  which  is  the  same  thing,  the  sun  appears  to 
pass  in  succession  all  the  meridians  of  the  earth.  Hence, 
noon  continually  travels  westward  at  the  rate  of  15°  in  an 
hour,  making  the  circuit  of  the  earth  in  24  hours.  The 
difference  between  the  time  of  day,  or  local  time  as  it  is 
called,  at  any  two  places,  will  be  in  proportion  to  the  differ- 
ence of  longitude,  amounting  to  one  hour  for  every  15 
degrees  of  longitude,  four  minutes  for  every  degree,  and 
so  on.  Vice  versa^  if  at  the  same  real  moment  of  time 
we  can  determine  the  local  times  at  two  different  places, 
the  difference  of  these  times,  multiplied  by  15,  will  give 
the  difference  of  longitude. 
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The  longitiiiles  of  places  are  determined  astronomically 
on   this    principle,     Aetronomere  are,   however, 
habit  ni  expreseing  the  longitude  of  places  on  the  eartl 
like  tJie  right  aecensions  of  the  heavenly  bodies,  not 
dogrees,   but  in  hours.      For  instance,  in&tcad  of  saj'ini 
tliat  Waehiugtou  is  77"  3'  west  of  Greenwich,  we 
moiily  say  that  it  is  5  hours  8  minutes  12  seconds  wi 
meaning  Chat  when  it  is  noon  at  Washiugton  it  is  5  hout 
8  minules  12   seconds  after  noon  at  Greenwich.     ThU' 
course  is  adopted  to  prevent  the  trouble  and  confusioD' 
which  might  arise  from  constantly  having  to  change  houm 
into  degrees,  and  the  reverse. 

A  (luestion  frequently  asked  in  tliis  connection 
Where  does  the  day  change  t  It  is,  we  will  suppose,  S 
day  noon  at  Wusliington.  That  noon  travels  all  the  way 
round  tlie  earth,  and  when  it  gets  back  to  Washington 
again  it  is  Monday.  Where  or  when  did  it  change  from 
Snnday  to  Monday  ?  We  answer,  wherever  people  choose 
to  make  the  change.  Kavigators  make  the  change 
occur  in  longitnde  180°  from  Greenwidi.  As  this  meri- 
dian lies  in  the  Pacific  Ocean,  and  scarcely  meets  any  land 
through  its  course,  it  la  very  convenient  for  this  purpose. 
If  its  use  were  univereal.  tie  day  in  question  would  bo 
Sunday  to  all  the  inhabitants  cast  of  tliis  line,  and  Moa<~ 
day  to  every  one  west  of  it.  But  in  practice  there  havi 
bwn  some  dcviiitions.  As  a  general  rule,  on  those  islands 
of  the  Pacific  which  are  settled  by  men  travelling  east, 
the  day  would  at  first  be  called  Monday,  even  though 
they  might  cross  the  meridian  of  180°.  Indeed  the  Kus- 
Bian  settlers  carried  their  count  into  Alaska,  so  that  when 
onr  people  took  possession  of  that  territory  they  found 
that  the  inhabitants  called  the  day  Monday  when  they 
themeelvcscalled  it  Sunday.  These  deviations  have,  how- 
ever, almost  entirely  disappeared,  and  with  few  exceptions 
tbo  day  is  changed  by  common  consent  in  longitude  ISO'' 
irom  Greenwich. 
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g  a.  DETEBMmATIONS  OF  TESBBSTBIAL   LOSai^ 
TUDES. 

"W  e  have  remarked  that,  owing  to  the  rotation  of  the  earth, 
there  is  no  such  fixed  correspondence  between  meridians  on 
the  earth  and  among  the  stars  as  theru  is  between  latitude  on 
the  eai-th  and  deulination  in  the  heavens.  The  observer 
can  always  determine  his  latitude  hy  finding  the  declination 
of  his  zenith,  but  he  cannot  find  his  longitude  from  the 
right  ascension  of  his  zenith  with  the  same  facility,  be- 
cauBe  that  right  ascenfiion  is  constantly  changing.  To  deter- 
mine the  longitude  of  a  place,  the  element  of  time  as  mea- 
sured by  the  diurnal  motion  of  the  earth  necessarily  cornea 
in.  Let  us  once  more  consider  the  plane  of  the  meridian 
of  a  pliice  extended  out  to  the  celestial  sphere  so  as  to 
mark  out  on  the  latter  the  celestial  meridian  of  the  place. 
Consider  two  such  places,  Washington  and  San  Francisco 
for  example  ;  then  there  will  be  two  such  celestial  meri- 
dians catting  the  celestial  sphere  bo  as  to  make  an  angle  of 
about  forty-five  degrees  with  each  other  in  this  case.  Let 
the  observer  imagine  himself  at  San  Francisco.  Then  he 
may  conceive  the  meridian  of  Wiishington  to  be  visible 
on  the  ciileatial  sphere,  and  to  extend  from  the  pole  over 
toward  his  south-east  liorizon  so  as  to  pass  at  a  distance  of 
about  forty-five  degrees  east  of  hia  own  meridian.  It 
would  appear  to  him  to  be  at  rest,  although  really  both 
his  own  meridian  and  that  of  Washington  are  moving  in 
consequence  of  the  earth's  rotation.  Apparently  the  stars 
in  their  course  will  first  pass  the  meridian  of  Washington, 
and  about  three  hours  later  will  pass  his  own  meridian. 
Now  it  is  evident  that  if  he  can  determine  the  interval 
which  the  star  requires  to  pass  from  tlie  meridian  of  Wasli- 
ington  to  that  of  his  own  place,  he  will  at  once  have  the 
difierence  of  longitude  of  the  two  places  by  simply  turn- 
ing the  interval  in  time  into  degrees  at  the  rate  of  fifteen 
degrees  to  each  hour. 

Essentially  the  same  idea  may  perhaps  be  more  readily 
grasped  by  considering  the  star  as  apparently  parsing  over 
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the  Buceessive  terrestrial  meridians  im  the  surface  of  tho 
earth,  the  earth  being  now  suppoaej  for  a  moment  to  bo 
tX  rest.  If  we  imagine  a  straight  line  drawn  from  the 
centra  of  the  earth  to  a  star,  this  line  will  in  the  eourae  of 
twenty-four  sidereal  hours  apparently  make  a  complete 
revolnlion,  passing  in  succession  the  meridians  of  all  the 
places  on  the  earth  at  the  rate  of  flfteen  degrees  in  an  hour 
of  sidereal  time.  If,  then,  Washington  and  San  Franeisco 
are  forty-tive  degrees  apart,  any  one  star,  no  matter  what 
its  declination,  will  require  three  sidereal  hours  to  pass 
from  the  meridian  of  Wasliington  to  that  of  San  Francisco, 
and  tlie  buu  wilt  require  three  solar  Jioura  for  the  same 
passage. 

Whichever  idea  we  adopt,  the  result  will  he  the  same  :  , 
difference  of  lonj:ptude  is  measured  l>y  the  time  required  I 
for  a  star  to  apparently  pase  from  the  meridian  of  one 
plaice  to  that  of  another.  There  is  yet  another  way  of 
defining  what  is  in  effect  the  same  thing.  The  sidereal 
time  of  any  ]ilace  at  any  instant  being  the  same  with  the 
right  ascension  of  it«  meridian  at  that  instant,  it  follows 
that  at  any  instant  the  sidereal  times  of  the  two  places  will 
differ  by  the  amount  of  the  difference  of  longitude.  For 
instance  ;  suppose  that  a  star  in  0  hours  right  ascension  is 
crossing  the  meridian  of  Washington.  Then  it  is  0  hours 
of  local  sidereal  time  at  Washington.  Three  hours  later 
the  star  will  have  reached  the  meridian  of  San  Francisco. 
Then  it  will  !»  0  hours  local  sidereal  time  at  San  Fran- 
cisco. Hence  the  difference  of  longitude  of  two  places  ia 
•mcaenred  hy  the  difference  of  their  sidereal  times  at  the 
KUTiB  instant  of  absolute  time.  Instead  of  sidereal  times, 
wu  may  equally  well  take  mean  times  as  measured  by  the 
sun.  It  being  n<K>n  when  the  sun  crosses  the  meridian  of 
any  place,  and  the  sun  requiring  three  hours  to  pass  from 
the  meridian  of  Washington  to  that  of  San  Francisco,  it 
follows  that  when  it  is  noon  at  San  Francisco  it  is  three, 
(/clock  in  l!ie  aflvrnoim  at  Washington.* 
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Tlie  wliole  problem  of  the  determination  of  terrestrial 
longitudes  is  thus  reduced  to  one  of  these  two  :  either 
to  find  the  moment  of  Greenwich  or  "Washington  time 
corresponding  to  some  moment  of  time  at  the  place 
which  is  tc  be  determined,  or  to  find  the  time  required 
for  tlie  sun  or  a  star  to  move  from  the  meridian  of  Green- 
wich or  Washington  to  that  of  the  place.  If  it  were 
possible  to  fire  a  gun  every  day  at  Washington  noon 
wliich  could  be  heard  in  an  instant  all  over  the  earth, 
tlicn  observers  everywhere,  with  instruments  to  deter- 
mine their  local  time  by  the  sun  or  by  the  stars,  would  be 
able  at  once  to  fix  their  longitudes  by  noting  the  hour, 
minute,  and  second  of  local  time  at  which  the  gun  was 
heard.  As  a  matter  of  fact,  the  time  of  Washington  noon 
is  daily  sent  by  telegraph  to  many  telegraph  stations,  and 
an  observer  at  any  such  station  who  knows  his  local  time 
can  get  a  very  close  value  of  his  longitude  by  observing  the 
local  time  of  the  arrival  of  this  signal.  Human  ingenuity 
has  for  several  centuries  been  exercised  in  the  effort  to  in- 
vent some  practical  way  of  accomplishing  the  equivalent 
of  such  a  signal  which  could  be  used  anywhere  on  the 
earth.  The  British  Government  long  had  a  standing  offer 
of  a  reward  of  ten  thousand  pounds  to  any  person  who 
would  discover  a  practical  method  of  determining  the  lon- 
gitude at  sea  with  the  necessary  accuracy.  This  reward 
was  at  length  divided  between  a  mathematician  who  con- 
structed improved  tables  of  the  moon's  motion  and  a 
mechanician  who  invented  an  improved  chronometer. 
Before  the  invention  of  the  telegraph  the  motion  of  the 
moon  and  the  transportation  of  chronometers  afforded 
almost  the  only  practicable  and  widely  extended  methods 
of  solving  the  problem  in  question.  The  invention  of 
the  telegraph  offered  a  third,  far  more  perfect  in  its  appli- 

and  hence  the  longitude  of  a  place  is  the  same  whether  expressed  as  a 

JL  difference  of  two  sidereal  times  or  of  two  solar  times.    The  longitude 

-Jlfof  Washington  west  from  Greenwich  is  5''  8™  or  77^  and  this  is,  in  fact. 

the  ratio  of  the  angular  distance  of  the  mcridiim  of  Washington  from 

that  of  Greenwich  to  360^  or  24*'.     It  is  thus  plain  that  the  longitude  ia 

tlie  difference  of  tba  simultaneous  local  tim2s.  whether  solar  or  sidcreaL 
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cation,   ittit  iieoctifarily    limited  to  places  in   telegraphic 
communieation  with  each  other. 

Iioagitude  by  Uotion  of  the  Uoon. — When  we  ds- 
Bcribti  the  motion  of  the  moon,  we  eliall  see  that  it  niovei 
eastward  among  the  Btiirs  at  the  rate  of  about  thirteen  de- 
grees per  day,  more  or  less.  In  other  words,  its  right  as- 
cension is  constantly  increasing  at  the  rate  of  a  degree  in 
something  less  than  two  hours.  If,  then,  its  right  ascensioa 
can  be  predicted  in  advance  for  each  hour  of  Greonwicll" 
or  Washington  time,  an  observer  at  any  point  of  the 
earth,  by  noting  the  local  time  at  his  station,  when  the 
moon  has  any  given  right  ascension,  can  thence  detei-inine 
the  corresponding  moment  of  Greenwich  time  ;  and  hence, 
from  the  difference  of  the  local  times,  the  longitude  of  liis 
place.  The  moon  will  thus  serve  the  purpose  of  a  sort  of 
clock  running  on  Greenwich  time,  upon  the  face  of  which 
any  observer  with  the  proper  appliances  can  read  the 
Greenwich  hour.  This  method  of  detennining  longitudes 
lias  its  difficulties  and  drawbacks.  The  motion  of  thi 
moon  is  so  slow  that  a  very  small  change  in  its  right  nscen 
non  will  produce  a  comparatively  large  one  in  the  Green-' 
wich  time  deduced  from  it — about  27  times  as  great  an' 
error  in  the  deduced  longitudes  as  exists  in  the  determi- 
nation of  the  moon's  right  ascension.  With  such  instru- 
ments as  an  observer  can  easily  carry  from  place  to  place, 
It  is  hardly  possible  to  determine  the  moon's  right  ascen- 
sion within  five  seconds  of  arc  ;  and  an  error  of  this 
amount  will  produce  an  error  of  nine  seconds  in  the 
Greenwich  lime,  and  hence  of  two  miles  or  more  in 
dedaced  longitude.  Besides,  the  mathematical  proeess4;s 
of  deducing  from  an  oltserved  right-ascension  of  the  moon 
the  corn»|K)nding  Greenwich  time  are,  mider  ordinary 
circnmstances,  too  troublesome  and  laljorious  to  make  tliig 
method  of  value  to  the  navigator. 

Transportation  of  Chronometers. — The  transportation 
of  chronometers  affords  a  simple  and  convenient  method  '^ 
of  obtaining  the  tJmo  of  tho  standard  meridian  at  ait^ 
eels  Ins  chronometer  as  ueaTX;; 
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possible  on  Greenwich  or  Washington  time,  and  deter- 
mines its  correction  and  rate.  This  he  can  do  at  any  sta- 
tion of  which  the  longitude  is  correctly  known,  and  at 
which  the  local  time  can  be  determined.  Then,  wherever 
he  travels,  he  can  read  the  time  of  his  standard  meridian 
from  the  face  of  his  chronometer  at  any  moment,  and 
compare  it  with  the  local  time  determined  with  his  transit 
instrument  or  sextant.  The  principal  error  to  which  this 
method  is  subject  arises  from  the  necessary  uncertainty  in 
the  rate  of  even  the  best  chronometers.  This  is  the 
method  almost  universally  used  at  sea  where  the  object  is 
simply  to  get  an  approximate  knowledge  of  the  ship's 
position. 

The  accuracy  can,  however,  be  increased  by  carrying  a 
large  number  of  chronometers,  or  by  repeating  the  de- 
termination a  niimber  of  times,  and  this  method  is  often 
employed  for  fixing  the  longitudes  of  seaports,  etc. 
Bat  ween  the  years  1848  and  1855,  great  numbers  of  chro- 
nometers were  transported  on  the  Cunard  steamers  plying 
between  Boston  and  Liverpool,  to  determine  the  difference 
of  longitude  between  Greenwich  and  the  Cambridge  Ob- 
servatory, Massachusetts.  At  Liverpool  the  chronom.otars 
were  carefully  compared  with  Greenwich  time  at  a  lo3al 
observatory — that  is,  the  astronomer  at  Liverpool  found 
tlie  error  of  the  chronometer  on  its  arrival  in  the  ship, 
and  then  again  when  the  ship  was  about  to  sail.  When 
the  chronometer  reached  Boston,  in  like  manner  its  error 
on  Cambridge  time  was  determined,  and  the  determination 
was  repeated  when  the  ship  was  about  to  return.  Having 
a  number  of  such  determinations  made  alternately  on  the 
two  sides  of  the  Atlantic,  the  i*ates  of  the  chronometers 
could  be  determined  for  each  double  voyage,  and  thus  the 
error  on  Greenwich  time  could  be  calculated  for  the  mo- 
ment of  eacli  Cambridge  comparison,  and  the  moment  of 
Cambridge  time  for  each  Greenwich  comparison. 

Iiongitude  by  the  Electrio  Telegraph. — As  soon  as  the 
electric  telegraph  was  introduced  it  was  seen  by  American 
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KeLronomers  that  we  here  Iiad  a  metliod  of  detennining 
lougitadcs  which  for  rapidity  and  eonveuience  woul ' 
etipereede  all  others.  The  tii-st  application  of  this  method 
was  made  in  IS+i  between  Wusiiington  and  Baltimore, 
under  the  direction  of  the  late  Admiral  Charles  Wilkee, 
U.  S,  X.  During  the  next  twn  years  the  method  was  intro- 
duced into  the  Coast  Survey,  and  the  diflerence  of  longitude 
between  New  York,  Pliiliidelpliia,  and  Wasliington  was 
thna  determined,  and  since  that  time  tide  method  has  had 
wide  extension  not  oulj'  in  the  United  States,  but  between 
America  and  Europe,  in  Europe  itself,  in  the  East  and  AVest 
Indies,  and  South  America.  The  principle  of  the  method 
is  extremely  simple.  Each  place,  of  which  the  difference  of 
time  (or  longitude)  is  to  be  determined,  is  furnished  with  a 
transit  instrument,  a  clock  and  a  chronograph  ;  instnimenta 
described  in  the  next  chapter.  Each  clock  is  placed  in 
galvanic  communication  not  only  with  its  own  chronograph, 
bat  if  necessary  is  so  connected  with  the  telegraph  wires 
that  it  can  record  its  own  beat  upon  a  chronograph  at  the 
other  station.  The  observer,  looking  into  tlie  telescope 
and  noting  tlie  crossing  of  the  stars  over  the  meridian, 
can,  by  his  signals,  record  tlie  instant  of  transit  both  on  his 
own  chronograph  and  on  that  of  the  other  station.  The 
plan  of  making  a  determination  between  Philadelphia  and 
Wsahington,  for  instance,  was  essentially  this  :  When 
eonie  previously  selfictcd  star  reached  tlic  meridian  at  Phil- 
adelphia,  the  observer  pointed  his  transit  upon  it,  and  as 
it  eroeeed  the  wires,  recorded  the  signal  of  time  not  only 
on  his  own  chronograph,  but  on  that  at  Washington. 
About  eight  minutes  afterward  the  star  reached  the 
meridian  at  Washington,  and  there  the  observer  recorded 
its  traos4t  both  on  his  own  chronograph  and  on  that  at 
Philadelphia.  The  interval  between  the  transit  over  the 
two  places,  as  measured  by  eitlier  sidereal  clock,  at  once 
gave  the  difference  of  longitude.  If  the  record  was  in- 
stantaneous at  the  two  stations,  this  inter\'al  ought  to  be 
,thp  in  mi',  whether  road  off  the  Philadelphia  or  tbe  'Wok^- 
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ington  chronograph.  It  was  found,  however,  that  there 
was  a  difference  of  a  small  fraction  of  a  second,  arising 
from  the  fact  that  electricity  required  an  interval  of  time, 
minnte  but  yet  appreciable,  to  pass  between  the  two 
cities.  The  Philadelphia  record  was  a  little  too  late  in 
being  recorded  at  Washington,  and  the  Washington  one  a 
little  too  late  in  being  recorded  at  Philadelphia.  We 
may  illustrate  this  by  an  example  as  follows  : 

Suppose  E  to  be  a  station  one  degree  of  longitude  eaat 
of  another  station,  W  ;  and  that  at  each  station  there  is  a 
clock  exactly  regulated  to  the  time  of  its  own  place,  in 
which  case  the  clock  at  E  will  be  of  course  four  minutes 
fast  of  the  clock  at  W  ;  let  us  also  suppose  that  a  signal 
takes  a  quarter  of  a  second  to  pass  from  one  station  to  the 
other  : 

Then  if  the  observer  at  E  sends  a  signal  to  W  at  exactly 

noon  by  his  clock 12''    0"*  O^.OO 

It  will  be  received  at  W  at 11»»  66™  0\25 

Showing  an  apparent  difference  of  time  of 3"  59*. 75 

Then  if  the  observer  at  W  sends  a  signal  at  noon  by  his 

clock IS"*  O™  0*.Ck) 

It  will  be  received  at  E  at  12'»  4"»  0*.a6 

Showing  an  apparent  difference  of  time  of 4"  0*.25 

One  half  the  sum  of  these  differences  is  four  minutes? 
which  is  exactly  the  difference  of  time,  or  one  degree  of 
longitude  ;  and  one  half  their  difference  is  twenty-five 
hundredths  of  a  second,  the  time  taken  by  the  electric  im- 
pulse to  travei'se  the  wire  and  telegraph  instruments. 

This  is  technically  called  the  '^  wave  and  armature 
time." 

We  have  seen  that  if  a  signal  could  be  made  at  Wash- 
ington noon,  and  observed  by  an  observer  anywhere  sit- 
uated who  knew  the  local  time  of  his  station,  his  longi- 
tude would  thus  become  known.  This  principle  is  often 
employed  in  methods  of  determining  longitude  other  than 
those  named.     For  example,  the  instant  of  the  beginning 
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•nd  endioj;  of  an  eclipae  of  the  son  (by  the  moon)  is  « 
perfectly  definite  phenomenon.  If  this  is  observed  I 
two  observers,  and  these  instants  noted  by  cacli  in  t 
local  time  of  lua  station,  then  the  difference  of  tlies 
local  times  (subject  to  small  corrections,  due  to  paralla; 
etc)  wiU  be  the  difference  of  longitude  of  the  two  stq 
tions. 

The  satellites  of  Jupiter  suffer  eclipses  frequently,  a 
tlie  Greenwich  and  Washington  times  of  these  |ih3nomej 
are  computed  and  set  down  in  the  Nautical  Almanac. 
servations  of  these  at  any  station  will  also  give  the  dif 
ence  of  longitude  between  this  station  and  Greenwich  or 
Waabington.      As,   however,  they  require  a  larger  tele- 
scope and  a  higher  magnifying  power  than  can  be  used  at 
sea,  this  metiioii  is  not  a  practical  one  for  navigators.  J 


tn  this  expknatiop  of  ilie  inalhcmaticul  thcorjr  of  the  relntions  of 
tbe  bcsrenlj  hmlies  lu  circle!)  on  tlio  sphere,  bq  acquaintunce  with 
■pfaeriol  trigiinoiiietry  on  tliu  part  of  the  reader  jH  necessarily  pra- 
ati|)p<Hi«d.  Tlie  general  methon  bf  which  ilie  iiosilion  of  u  point  on 
tha  sphur«  is  rerirreil  to  fixed  points  or  circles  ia  as  follovrji : 

A  laniiBmenUl  erent  circle  E  V  Q.  Fig.  13  \a  liken  us  a  baaU,. 
and  iha  first  co-onlinate  *  of  ibo  bodj  is  its  angular  dis(Bni;o  from 
thU  circle.  When  the  esTth's  equnior  is  taken  bh  the  fundamental 
circle,  this  distance  is  on  the  earth's  surface  called  LatU'tdn  ;  on  iha 
eelesUal  aphere  the  corresponding  iHstnnce  i^  called  Declination.  It 
tbe  buriton  is  taken  as  the  fundamental  circle  tbe  diatanL'e  is  c-ilted 
Ahitadt.  Altitude  vt  therefore  angular  distance  above  the  horizon. 
To  distinguish  between  distances  on  opposite  aides  of  the  circle,  dis- 
Uitcos  on  one  side  are  regarded  as  algebraically  pnsitive  quanlities, 
uid.on  the  other  side  us  negative.  In  the  case  of  the  equator  the 
north  side,  and  in  that  of  the  horiion  the  npper  side,  are  considered 
poaltlTe.  Hence,  If  a  bod;  is  below  the  hori7.on  its  attitude  is  nega- 
tive, and  the  latitude  of  a  city  south  of  the  earth's  equator  is,  In 
•sinwoniica]  language,  considered  as  negative. 

Instead  of  the  co-ordinate  we  have  described,  another  colled  zenith 
or  polar  distance  is  frequently  employed.     The  fundamental  circle  ia 

'"nteaordiiuUttat  ■  bndj  intlhoH  mniurt'.  whclhcf  of  snglpt  Drllnm,  wliicli 
dcAa*  It*  pmlllot)  For  iDflauM.  Iha  ggniiripllloal  co  ordlniUS  ar  n  city  ma  II* 
hntada  iDil  MnclUule.  To  fli  &  p«lllau  oa  a  aplwn  or  oclur  «arflc(.  ewo  cn-ordl- 
•■<>«  In  tp*o«  UuM V«  TWlnlnd. 
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everywhere  90^  from  its  positive  polo,  P.     Hence,  if  A  is  the  pOBJltwitJ 
of  a  star  or  olher  point  on  lh« 
sphere,  und  we  put 

its    dechnation    or  altitude, 


::  90"  ~J. 


I 


If  the  star  Is  south  of 
fund&ment&l  circle,  at  B  for 
ample,  J  being  negtttivep  will  ex- 
ceed 90°.     Thin  quantitf  p  vMJ 
I   HD^e  from  zero  at  the  one  pole 
Fja.  12.  to  180°  at  the  other,  and  will  al- 

ways be  algebraiciUy  posilire. 
It  U  oD  this  account  to  be  preferred  to  i,  though  less  frequentlj 
used. 

M.  The  second  co-ordinate  required  to  fix  a  position  on  the  cetes- 
titil  or  terrestrial  sphere  U  lungilmlf.  ri-jht  aieeaiwn,  or  aiimutJi,  ac- 
cordiDg  to  the  fundamental  plane  adopted.  It  is  expressed  hy  the 
position  of  the  great  circle  or  meridian  P  A  a  e  which  passes 
through  the  position  from  one  pnle  to  the  other,  at  right  angles  to 
the  fundamental  circle.  An  arbitrary  point,  Ffor  instance,  ischoscn 
on  this  latter  circle,  and  the  loiigitucle  is  the  angle  Vn,  from  this 
point  to  the  intersection  of  the  meridian  or  vertical  circle  passing 
through  the  object.  Wo  may  also  consider  it  as  the  angle  V  P  A 
which  the  circle  passing  through  the  object  makes  with  the  circle 
i*  K,  because  this  angle  is  equal 
to  y'a.  The  angle  is  commonly 
counted  from  I*  toward  the  right, 
and  from  0'  round  to  9GU',  so  as 
to  avoid  ui^ing  negative  angles. 
If  the  observer  is  stationed  in 
the  centre  of  the  sphere,  with  his  | 
head  toward  the  positive  pole  P. 
the  positive  diieclion  should  be 
from  right  to  left  around  the 
sphere.  When  the  horizon  is 
taken  as  the  fundamental  circle  ] 
or  plane,  this  secondary  co-ordi- 
nate is  called  the  oiimut/i,  and  I 
should  be  counted  from  the  south  I 
point  toward  easi,  or  from  the  Fio.  \g, 

north  point  toward  west,  but  fa 

commonly  counted  the  other  way.  It  may  be  defined  as  the  angular 
distance  of  the  vertical  circle  passing  through  the  object  from  the 
■outh  point  of  the  horizon. 


THBORt  OF  THE  SPHERE. 

The  hour  ajiJ/U  of  a  star  is  measured  by  the  interval  whkli  h 
elapsed,  or   tho  angle  Ihiough  which   the  earth  has  revolved  c 
ftxis,  Binco  the  Btu  crossed  the  meridinn-     In  Fig.  13  Z  being  the 
zenith  aod  /'  the  pole,  the  angle  Z  P  3  ii  the  hour  angle  of  thu  eUr 
S.     This  angle  Ia  mcuaured  at  the  pole.    If  wc  put 

r,  th«  Gidcreal  time, 

a,  th«  right  ascension  of  the  object,  we  shall  have  ^| 

Hour  angle,  h  =  r  —  it.  ^M 

It  will  be  negative  before  the  object  has  passed  the  meridian,  antf^ 
poaiivc  afterward.     It  diflVrs  frotn  right  ttsceasion  only  in  tho  point 
from  which  it  is  reckoned,   and  the  direciion  which  is  considered 
positive.     The  right  ascension   is  measured  toward   tho  casi  from  a 

Kint  (the  verDul  etjniiiox)  which  Is  fixed  among  (he  stars,  while  the 
ur  angle  is  measured  ttiward  the  wrst  from  the  meridian  of  ihe 
observer,  which  meridian  is  conatantlj  in  motion,  owing  to  the 
tmrth's  rotation, 

Wc  have  next  lo  show  the  trigonomt'lricnl  relations  which  subsist 
between   the   hour  angle,   dcclitiatioD,   altitude,    and  azimuth. 


^  tha  Mnith  of  tho  observer. 

IT  M  Z  P  R.  the  meridinn  of  tho  observer. 

P  Jl  tbo  latitude  of  the  obsorwr,  which  call  #. 

Z  P,  =  W  -<>.  the  co-latitudo. 

P  8,  the  north  polar  distance  of  the  star  =  80'  —  declination. 

?*£,  Us  altitude,  which  call  n. 

Z  S,itt,  Ecnith  distance  =  UO'  —  a. 

Jf  Z  S,  Its  arimuth,  =  ISO'— angle  8  Z  P. 

ZPS,iii  hour  angle,  which  call  A. 

Tile  spbarieal  triangle  Z  P 
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the  zenitlLthe  pole,  and  the  star,  is  the  fundamental  triangle  of  oar 
problem.  The  latter,  as  commonly  solTed,  may  be  put  into  two  forms. 

T.  (ivrvTi  the  latitude  of  the  place,  the  declination  or  polur  dis- 
tance of  the  star,  and  its  hour  angle,  to  find  its  altitude  and  asimuth. 

We  have,  by  spherical  trigonometry,  considering  the  angles  and 
aides  of  the  triangle  Z  P  8 : 

cos  Z5  =  co8PZco8P5+  sin  PZsin  P 8 cob  P. 
8inZiScosZ=sia  PZcosP5  — cos  P  Z  sin  P  ^5  oos  P. 
sin  Z  «S^  sin  Z  =  sin  P  iS  sin  P. 

By  the  above  definitions, 

Z  5  =  90**  ~  a,  (a  being  the  altitude  of  the  star). 

P  Z  =  90^  ~  ^,  (^  being  the  latitude  of  the  pUce). 

P'8  =  90''  —  (5,  (d  being  the  declination  of  the  star,  +  when  north). 

P=:  h^  the  hour  angle. 

Z  =  180"  —  z,  {z  being  the  azimuth). 

Making  these  substitutions,  the  equation  becomes : 

sin  a  =  sin  ^  sin  A  +  cos  ^  cos  &  oos  K 
COR  a  cos  e  =  —  cos  ^  sin  d  +  sin  ^  cos  6  cos  h, 
cos  a  sin  2  =       cos  6  sin  h. 

From  these  equations  sin  a  and  cos  a  may  be  obtained  separatelyi 
and,  if  the  computation  is  correct,  they  will  give  the  same  yalue  of  a. 
If  the  altitude  only  is  wanted,  it  may  be  obtained  from  the  first 
equation  alone,  which  may  be  transformed  in  yarious  ways,  explained 
in  works  on  trigonometry. 

II.  Given  the  latitude  of  the  place,  the  declination  of  a  star,  and 
its  altitude  above  the  horizon,  to  find  its  hour  angle  and  (if  its  right 
ascension  is  known)  the  sidereal  time  when  it  had  the  given  altitude. 

We  find  from  the  first  of  the  above  equations, 

.       sin  a  ^  sin  6  sin  6 

cos  A  = — ^-= — ; 

cos  ^  cos  0 

or  we  may  use : 

c?n«iA  -  JL  cos  (^  -  <0  —  sin  g 

cos  f  COB  6 

Having  thus  found  h,  we  have 

Sidereal  time  =  A  +  a, 

a  being  the  starts  right  ascension,  and  the  hour  angle  h  being  changed 
into  time  by  dividing  by  15. 

m.  An  interesting  form  of  this  last  problem  arises  when  we  sup- 
pose  a  =  0,  which  is  the  same  thing  as  supposing  the  star  to  be  m 
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Dm  horiEOO,  And  therefore  to  be  rising  or  setting.  The  vnlae  of  A 
Will  then  he  the  liour  ansle  •!  whiih  it  rises  or  sets  :  or  being 
dunged  to  lime  by  dividing  bj  15.  it  will  be  the  intervnl  ot  sidered 

time  between  iu  rising  and  its  pikssage  over  the  itieridian.   nr  be- 

twH^  this  passage  and  its  setting.     This  Interval  is  called  the  • 
lurnii'  arc,  and  bj  doubling  it 

We  have  ihe  time  between   (be 

ris'n<;  and  setting  of  the  star  ot 

other  objtcL     Putlog  n  =  0  in 

the  preceding  espression  for  cos 

h  »e  find  fnr  the  semi  diurnal   I 


=  —  tan  e  tan  S. 

I  the  uc  during  which   the 
«tw  in  above  (he  horizon  is  3  k. 

fima    this   formula    mny   he 
deduced  at  once  many  of  tlie   ^^ 

alts  giren  in  Ihe  preceding  T^ 
*«:lion«.  '  "*• 

(I  I.  At  (be  poles  4  =  90% 
tan  #  =  infinity,  and  therefore  cos  A  =  intlnil]'.  But  the  cosine  of 
■n  angle  can  never  be  greater  than  unity ;  ihere  is  therefore  no  value 
of  h  which  fulQls  the  condition.     Ilence,  a  star  at  the  pole  can 

(t).  At  the  earth's  equator  o  =  0%  Un  «  =  0.  whence  cos  A  =  0, 
\  =  'M\  and  S  A  =  lAir,  whatever  be  t.  This  being  a  semicircum^ 
ference  all  ibe  heavenly  t>odiea  are  half  the  time  above  the  horizon  to 
■n  observer  on  the  equator. 

(3).  If  d  =  0'  (that  is.  if  the  star  is  on  the  celestial  equator),  then 
tan  a  =  0,  and  cos  A  =  0,  A  =  90',  2  A  =  180',  so  that  all  Biars  on 
the  equator  are  half  the  time  above  the  horizon,  whatever  be  the  lati- 
tnde  of  the  observer.     Here  we  except  the  pole,  where,  in  (his  case, 

9  (An  d  =  ^  X  0,  an  indeterminate  quantity.  In  fni 
the  celestial  equator  will,  at  the  pole  of  theeartli,  seem  to 
to  the  boricon. 

(4).  The  above  value  of  cos  A  may  be  expressed  in  the  form 


tan  « 


~  tan  (UO"  - 


!1iii  abows  that  when  i  lies  outride  the  limits  +  (00°  —  4)  and 
—  (90'  —  f),  cos  A  will  lie  wi(hoiit  the  limits  —  1  and  +  1,  and 
there  will  be  no  value  of  A  to  correspond.  Hence,  itt  this  case,  the 
■tars  neither  rise  nor  set.  These  limits  correspond  to  those  of  pei^ 
petual  apparitiim  and  perpetual  diKOppeamnne, 

|B).  In  the  northern  hemisphere  #  and  tan,  #  are  positive.  Then, 
when  «  is  positive,  cos  A  is  negative,  and  A  >  »0\  3  A  >  160'.    With 


I 
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negative  <),  cos  h  is  positiye,  h  <  90%  2  A  <  180*,  Hence,  in  north- 
em  latitudes,  a  northern  star  is  more  than  half  of  the  time  above  the 
horizon,  and  a  southern  star  less.  In  the  southern  hemisphere,  ^  and 
tan  ^  are  negative,  and  the  case  is  reyerscd. 

(6h  If,  in  the  preceding  case,  the  declination  of  a  body  is  supposed 
constant  and  north,  then  the  greater  we  make  ^  the  greater  the  nega- 
tive value  of  cos  h  and  the  greater  k  itself  will  be.  Considering,  in 
succession,  the  cases  of  north  and  south  decli  lation  and  north  and 
south  latitude,  we  readily  see  that  the  farther  we  go  to  the  north  on 
the  earth,  the  longer  bodies  of  north  declination  remain  above  Uie 
horizon,  and  the  more  quickly  those  of  south  declination  set.  In  the 
southern  hemisphere  the  reverse  is  true.  Thus,  in  the  month  of 
June,  when  the  sun  is  north  of  the  equa'or,  the  days  are  shortest 
Dear  the  south  pole,  and  continually  increase  in  length  as  we  go  north. 

Examples. 

(1).  On  April  9,  1879,  at  Washington,  the  altitude  of  Rigel  above 
the  west  horizon  was  observed  to  be  12"  25'.     Its  position  was: 

Right  ascension  =  b^  8"  44'-27  =  a. 
Declination  =  -  8'  20  36"  =  <5. 
The  latitude  of  Washington  is  +  38**  53'  39'  =  ♦. 

What  was  the  hour  angle  of  the  star,  and  the  sidereal  time  of  ob- 
servation ? 

Ig  sin  a  =        9 .  332478 

Ig  sin  0  =       9 .  797879 
Igsin  (J=  -  0161681 


— 

ig 

sin  ^ 

sin 

6 

— 

— 

sin  <p 

sin 

6 

n: 

sm  a 

= 

a 

— 

sin  ^ 

sin 

6 

=: 

cos 
cos 

= 

0 
0 


=        0 


Ig  cos  ^  cos  A  = 
Ig  (sin  a  —  sin  0  sin  ($,  = 

Ig  cos  A  = 

h  = 

A  +  16  = 

a  = 

•  sidereal  time  = 


9 
9 

9 
9 


959560 

091109 
215020 


806129 

891151 
995379 

886580 
485905 


9-599875 


66'  34'  88' 

4»"  26'"  18'.20 
5h  8»44V27 
9'»85»   2'.47 


(2).  Had  the  star  been  observed  at  the  same  altitude  in  the  etst, 
what  would  have  been  the  sidereal  time  ? 
Ana.    a  -  A  =  O**  42'"  26V07. 


VKTERMINATION   OF  LATITVDE 


(S).   At  what  BidercHl  time  does  Rigel  rise 
^^■m:  does  it  set  in  the  Ulitud«  of  Wasliington  \ 

—  IB«  =  —  0-!i06728 

tgii  =  —  aiiiusoi 


Bod  at  wbot  sidereq 


COS  A  = 


-  9  078029 


h  =     83'  J8'  19' 
»  -}.  15  =       8- 32"' 4U-.87 
o  =       5'    8™  44-.27 

rises  Sa"  35-5.V.00 
sets  lOi'll-aa'-B* 
(4).  Whu  is  the  grc&lcKt  altitude  of  Rigel  Hbore  the  horizon  ol'l 
Vnsbingtun,  and  «hat  is  its  greateMt  depressiOD   betow  it  V     Ann.  f 
Altilude=42'  43'  45' ;  .lepre8SJon  =  39'  36'  bT. 

IS).  What  in  the  loftiest  tiltiludG  of  &atir  od  the  equator  in  tfa 
meridian  of  Washington  T    Aim.  SI "  6'  21'. 

(Ci.  The  dedination  of  the  potnler  in  the  Grtat  Bear  which  i 
nearest  ihe  pole  is  03~  30'  N.,  at  what  altitude  does  it  pass  above 
the  pol«  at  Washington,  and  at  wliat  altitude  does  it  pass  below  it  f 
\us  66'  23'  89'  aboTc  ihc  pole,  and  11'  '23'  »!!'  nhen  beluw  It. 

(7).   irthe  dcchria'.ioti  of  a  star  ia  50°  N  .  what  length  of  Kidereal 
tini*  Iti  it  above  the  horizon  "i  WashiDglun  and  what  length  below  it  J 
Bppireut  diurnal  circuit!     And.   Above,  SP  IJ2'";   bu1<m*,  | 
»•  f-  \ 

B.    DETEHMHTATION    OP    LATITUDES    ON    THE 
EABTB  BT  ASTBOITOUICAI.  OBSERVATIONS. 

Lrititudt  fitiiil   eireumjiol-ir 


tcnith  I'f  llie  place  of  observLtti 
Tiilian,  the  observer  being  at  the 
centre  of  the  sphere.  Supp'ise 
^  and  S'  to  l>u  the  (wo  points 

which    ■    circ  urn  [Hilar    atur 

oasea  the  meridian   In  tlie  dc- 

(cnption  of  iU  apparent  diurruil 

flrl'it     Then,  sincoi*i»  midway 

katween  d  and  .^', 

S  +  ZS 

-— ^-  --  =Zi'=UO'  -«, 


U  Id  (listvruiinu  9 


n  Fig.   lii  let  Zreprcsen 
n,  i'thepok-,  and  UPZh'lhe  n 
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ured  bT  the  meridian  circle  or  tlie  BexUnt — both  of  which  [nrt^^ 
nenis  are  descnlietl  in  tliB  next  dis)>tcr — nod  Ihc  latitude  in  thea 
known.  Z  and  X  must  bo  freed  trcim  tlie  etfi-cts  of  refraction.  In 
this  method  no  previous  knowledge  i)f  the  star's  declination  is  re- 
(|Ulred.  provided  it  remaiuH  coDNtaiit  between  the  upper  and  lowir 
Iransii,  whieli  is  the  case  (or  fixed  stars. 

Latitude  by  Cirtnim-^enith  ObeervatioiiB.— If  tn-o  stars 
£  and  .V,  whose  declinations  i  anit  'V  arc  known,  cross  the  meridiiin, 
one  north  and  the  other  south  of  the  urnith,  at  xenith  dii.Uncc-i  Z  8 
and  ZS",  whicti  call  Z  and  Z.  sud 
wc  have  measured  Z  and  Z,  we 
n  from  such  measures  tind  Ihe 
I  latitude ;  foTi>  =  i^-Z  and  «  ~ 
-  iT,  whence 

?  =  il(d  +  ,i-i  +  (z-r)]- 

I   It  will  be  noted  that  in  this  nieth- 
ml  the  latitude  depends  simplj 
upon  the  mean  of  two  declinations 
11  liich  can  lie  determined  before- 
I   hiind.  andonlyrequires  thec/Z^er- 
t'lu.   17  "i<v  of  K«nith   distances  to  be  ac- 

curately measured,  while  the  ab- 
solute vnliies  of  Ihp.'ie  are  unknown.  In  this  consists  its  advantage 
Latitude  b^  a  Single  Altitude  of  a  Star.—In  the  triangle 
Z7'*;(Fig.  14)  the  sides  »Te  ZP=  00"  -  fl;  PS=m'  -  i;  ZS  = 
Z  =  80'  —  o :  ZFS  =  k—  the  hour-angle.  If  we  can  measure  at 
any  known  sidereal  time  S  the  altitude  a  of  the  star  S.  and  if  wc 
further  know  the  right  ascension,  a.  and  the  declination,  i,  at  (he 
body  (to  be  derived  from  the  Nnutieal  Almanac  or  a  catalogue  of 
BtHr!<i.  then  we  have  from  the  IrinngU- 


:oB  t  cos  i  cos  h  (1) 

}  that  #  is  the  only  unknown. 


whence  d  and  D  are  known,  and  (1)  hpcnmM 

,/ cos  n»  -  D)  -  sin  «,  (4) 

whence  «  —  11  and  ?  ore  known.     The  altitude  a  is  usually  nieoeured 

Ijatitudo  by  a  Ueridian  Altitude.— If  the  altitude  of  the 
body  is  observed  uii  the  meridian  and  south  of  the  zenith,  the  equa- 
tion above  becomes,  since  /i  =  D  iu  this  case. 


Bin  ♦  =  cos  (  a  -,!).■-»  =  00°  -  a  -I-  i, 
which  id  evidently  ilie  sinipl«..t  method  of  obtaining  f  from  •  ag 


ur«il  ftlcituilu  uf  a  btxl)'  i>f  knon  d  iti-clinnlion.  TLc  lasl  inetli(Hl  is  tliU  J 
coutmODly  UFfed  at  m-b,  the  dUtude  being  inoa.-'iiruil  by  llie  fi«xlanl,.J 
The  dtudont  cull  dediife  llie  foruillln  for  a  norlh  iiTiii  h-ilislnnce. 

g  e.    PABAIJiAX  AJTD  SEttWlAtSBTER. 

An  obeervation  of  tlie  apparent  positiuti  of  a  henvenly  i 
body  can  ^ve  only  the  direction  in  wliicli  it  lies  from  tho 
etation  occapied  by  the  observer  without  any  dirett  indi- 
tatiou  of  the  distance.     It  is  evident  that  two  obser 
stntioiied  iu  different  parts  of  tho  earth  will  not  see  sndi 
n  body  ill  the  same  direction.     In  Fig.  1^,  let  ^  bu  a  stK- J 


tlon  on  tlie  eaith,  I'  a.  planet,  Z'  tbe  zenith  of  S,  and  tlia 
outer  are  a  ]>art  of  the  celestial  sphere.  An  otfficrvatioii 
of  the  apparent  right  ascension  and  declination  of  P  takeu 
from  the  station  A"  will  give  us  an  ai)paierit  position  P". 
A  similar  observation  at  S"  will  give  an  apparent  position 
/^,  wliile  if  seen  from  the  cientre  of  tbu  earth  the  appar- 
ent position  would  be  /*,.  The  angles  P'  /'  P^  and 
P*  P  P^,  which  represent  the  diffurences  of  direction,  are 
called  parallaxes.  It  is  clear  that  the  parallax  uf  a  body 
depends  upon  its  distance  from  the  earth,  being  greater 
the  nearer  it  is  to  the  eartli. 

The  word  paraUax  having  several  distinct  applications, 
we  shall  give  tbeui  in  order,  conunencing  with  the  most  ' 
general  signification. 
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(1.)  In  \\£  DiuBt  gcnct-ii]  a(;L^t;ptation,  p:iraU»x  ia  the  di: 
cnco  between  the  directions  uf  ii  boiiy  as  seen  from  two 
different  etaiidpoints.  This  difference  is  evidently  equal 
to  the  angle  made  between  two  lines,  cue  drawn  from  each 
point  of  observation  to  the  body,  Thue  in  Fig.  18  the 
difference  between  the  direction  of  the  body  P  as  seen 
from  C  and  from  S  ifl  equal  to  the  angle  P"  P  /*_,  and  this 
again  is  equal  to  it«  opposite  angle  S  P  C.  This  angle  is, 
however,  the  angle  between  the  two  points  C  and  S  as 
seen  from  P  :  we  may  therefore  refer  tiiis  most  general 
detinitiuu  tif  parallax  to  the  body  itself,  and  define  paralliix 
as  the  angle  subtendefi  by  the  line  between  two  stations  ;ia 
seen  from  a  heavenly  Iwdy. 

(2.)  In  a  more  restricted  sense,  one  of  the  two  stations  is 
supposed  to  be  some  eontre  of  [Ktsition  from  which  we 
imagine  the  body  to  be  viewed,  and  the  parallax  is  the 
diffoponce  between  the  direction  of  tlie  body  from  this 
centi-e  and  its  direction  from  some  other  point.  Thus 
the  parallax  of  which  we  have  just  spoken  is  the  differ- 
once  between  the  direction  of  tlie  body  aa  seen  from  the 
centre  of  the  earth  C  and  from  a  point  on  its  surface  as  S!. 
If  the  oljservef  at  any  station  on  the  earth  determines 
the  exact  direetiun  of  a  body,  the  parallax  of  which  we 
speak  is  the  correi;tion  to  be  ap])!ied  to  that  diixjction  in 
order  to  reduce  it  to  what  it  would  have  been  had  the  ob- 
servation liecn  made  at  the  centre  of  the  earth.  Obser- 
vations made  at  different  points  on  the  earth's  suiface  are 
compared  by  reducing  them  all  to  the  centre  of  the  earth. 

We  may  also  suppose  the  jwint  C  to  lie  the  sun  and  the 
circle  S  S"  to  be  the  earth's  orbit  around  it.  The  paral- 
lax will  then  Ije  the  difference  between  the  directions  of 
the  body  as  seen  from  the  earth  and  from  the  sun.  This 
is  termed  the  annua],  ^parallax,  because,  owing  to  the  au- 
Lual  revolution  of  the  earth,  it  goes  through  its  period 
in  a  year,  always  supposing  the  b(«iy  obst^rved  to  be  at 
rest. 

(3.)  A   yet  more  restricted  pai-allax  is  the  }torUontal 


PAMALLAX. 

paraUax  of  a  heavenly  body.  The  parallax  first  described 
in  the  last  paragtuph  varies  with  the  position  of  the  ob- 
Berver  ou  the  aurfaue  of  the  earth,  and  has  its  greatest 
valtie  when  the  body  is  seen  in  the  horizon  of  the  ob- 
eerver,  ae  may  be  seen  by  an  inspection  of  Fig.  19,  in 
which  the  angle  C/'-S  attains  its  tnaximnm  when  the  line 
P  S  is  tangent  to  the  earth's  surface,  in  which  case  J' 
will  appear  in  tlie  liorizon  of  the  obsen'er  at  S. 


The  horizontal  parallax  depends  upon  tlif  diiitance  of  a 
body  in  the  following  manner:  In  the  triangle   CPS,d 
right-angled  at  S,  we  Iiave 

CS=  CPsm  OPS. 

If,  then,  we  pnt 

p,  the  ratlins  of  the  earth  OS ; 

r,  the  distance  of  the  body  P  from  the  centre  of  thefl 
earth  ; 

w,  the  angle  SP  C,  or  the  horizontal  paraUax, 
we  shall  have, 


Since  the  earth  is  not  perfectly  spherical,  the  quantity  ft 
i&  not  absolutely  constant  for  all  parts  of  the  earth,  and  its 
greatest  value  is  usually  taken  as  that  to  whicJi  the  hori- 
zontal value  Bhall  be  referred.     This  greatest  valne  is,  aa  J 

B  Rhall  hereafter  see.  the  radius  of  the  equator,  and  tin 
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corresponding  valne  of  the  parallax  is  therefore  called  the 
equatorial  horizontal  parallax. 

When  the  distance  /•  of  the  body  is  known,  the  equa- 
torial horizontal  parallax  can  be  foond  by  the  first  of  the 
above  equations  ;  when  the  parallax  can  be  observed,  the 
distance  r  is  found  ivom  the  second  equation.  How  this 
is  done  will  be  described  in  treating  the  subject  of  celes- 
tial measurement. 

It  is  easily  seen  that  the  equatorial  horizontal  parallax, 
or  the  angle  C  P  S.  is  the  same  as  the  angular  semi- 
diameter  of  the  earth  seen  from  the  object  P.  In  fact, 
if  we  draw  the  line  PS'  tangent  to  the  earth  at  /?,  the 
angle  S  P  S'  will  be  the  apparent  angular  diameter  of  the 
earth  as  seen  from  P,  and  will  also  be  double  the  angle 
CP  S.  The  apparent  semi-diameter  of  a  heavenly  body 
is  therefore  given  by  the  same  formulie  as  the  parallax, 
its  own  radius  being  substituted  for  that  of  the  earth.  If 
we  put, 

p,  the  radius  of  the  body  in  linear  measure  ; 

Tj  the  distance  of  its  centre  from  the  observer,  expressed 
in  the  same  measure  ; 

«,  its  angular  semi-diameter,  as  seen  by  the  observer  ; 
we  shall  have, 

sm  H  =     . 
r 

If  we  measure  the  semi -diameter  «,   and   know  the  dis- 
tance, r,  the  radius  of  the  body  will  be 

/o  =  r  sin  h. 

Generally  the  angular  semi-diameters  of  the  heavenly 
bodies  are  so  small  that  they  may  be  considered  the  same 
as  their  sines.  We  may  therefore  say  that  the  apparent 
angular  diameter  of  a  heavenly  body  varies  inversely  as 
its  distance. 


CHAPTER  II. 


ASTRONOMICAL  IKSTRUMENTa 


%  I.    THE  KEPHACTING  TELESCOPE. 

\rt  expliiinjiig  the  theory  and  nee  of  the  refracting  tele-  | 
scope,  we  shall  assume  that  tlie  reader  is  acquainted  with 
the  fandamental  principles  of  the  refraction  and  diaper- 
Bion  of  light,  so  that  the  simple  enumeration  of  them 
will  recall  them  to  his  mind,  These  principles,  so  far 
as  we  have  occasion  to  refer  to  them,  are,  that  when 
A  ray  of  light  passing  tlu-ongh  a  vacuum  enters  a  traiia- 
paretit  medium,  it  is  refracted  or  bent  from  its  course 
in  a  direction  toward  a  line  perpendicular  to  the  ear- 
face  at  the  pffint  where  the  ray  enters  ;  that  tliis  bend- 
ing follows  a  certain  law  known  as  the  law  of  sines ; 
that  when  a  pencil  of  rays  emanating  from  a  luminous 
point  falls  nearly  perpendicularly  upon  a  convex  lens, 
the  rays,  after  passing  through  it,  all  converge  toward  a 
point  on  the  other  side  called  a  focus  :  that  light  is  com- 
pounded of  rays  of  Tarions  degrees  of  refrangibility,  so 
tliat,  when  thus  refracted,  the  component  rays  pursue 
slightly  different  courses,  and  in  passing  through  a  len§ 
come  to  slightly  different  foci  ;  and  finally,  that  the  ap- 
parent angular  magnitude  subtended  by  an  object  when 
viewed  from  any  point  is  inversely  proportional  to  ita 
distance.  * 

I      *  Morp  enctly,  in  the  case  of  ■  c'l^be.  tho  sine  of  the  ui^Ifl  U  Id- 
■  Tenelj  u  tbe  distance  of  the  object,  aa  ebown  od  Uie  preceding  page. 
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We   Htiall   Hrst.  deecribe  the  telescope  in    it«  simplest 

I      form,  showing  the  priiieiplea  upon  which 
itfi  action  depends,  leavinj;  out  of  considera- 
tion the  defects  of  aberration  which  require 
epecial  devices  in  order  to  avoid  them.     In 
tlie  eiiiipleet  fonii  in  wliich  wo  can  conceive 
5;  of  a  telescope,  it  coiiBiets  of  two  lenses  of 
^  uac'jual  focal  lengths.     The  purpose  of  one 
°  of  tliese  lenses  (called  the  o^/f'^ctiv,  or  object 
5  glasfi)  is  to  hring  the  rajs  of  light  from  a 
2  distant  object  at   which    the    telescope   is 
^1  pointed,  to  a  focus  and  there   to  form  an 
g  image  of  the  object.     The  purpose  of  the 
H  other  lens  (called  the  eye^pieee)  is  to  view 
jj  this  object,  or,  more  precisely,  to  fonn  an- 
"^  other  enlarged  image  of  it  on  the  retina  of 
*  llie  eve. 
5       The  figure  gives  a  representation  of  the 
s  conree  of  one  pencil  of  the  raj's  which  go  to 
^  fonn  the  image  A  l  nt  an  object  /  B  after 
-  passing  throngli  the  objective  0  0'.     The 
>  pencil  chosen  is  that  composed  of  all  the 
I  nijs  emanating  from  /  wliich  can  possibly 
S  fall  on  the  objective  O  0'.     All  tliese  are, 
i,  by  the  action  of  the  objective,  concentrated 
^  at  the  point  /',    In  the  same  way  each  point 
r  of  the  image  out  of  the  optical  axis  A  B 
H  emits  an  obliqne  pencil  of  diverging  rays 
y  which  are  made  to  converge  to  some  point 
"'.  of  the  image  by  the  lens.     The  image  of 
'^  the  point  B  of  the  object  is  the  point  A  of 
the  image.    We  must  conceive  the  imago  of 
any   object   in   the   focus   of  any   lens  (or 
mirror)  to  be  fonned  by  separate   bundles 
of  rays  as  in  the  figure.     The  image  thus 
formed  becomes,  in  its  turn,  an  object  to 
be  vii'wefl  by  the  eye-piece.     After  the  rays  meet  to  form 
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the  image  of  an  object,  as  at  T,  tliey  continue  on  their 
eoaree,  diverging  from  /'  ae  if  the  latter  were  a  material 
object  reflecting  the  light.  Tiiere  is,  however,  this  excep- 
tion :  that  the  rays,  instead  of  diverging  in  every  direction, 
only  fonu  a  small  cone  having  its  vertex  at  /',  and  having 
its  anglu  equal  to  0  f  O".  The  reason  of  this  is  that 
only  tlioee  rays  wliich  pass  through  the  objective  can  form 
the  linage,  and  tlicy  must  continue  on  their  course  in 
str^ght  lines  after  fonning  tlte  image.  This  image  can 
now  be  viewed  by  a  lens,  or  even  by  the  unassisted  eye,  if 
the  observer  places  himself  behind  it  in  the  direetioujd, 
s<J  tlial  tJie  i)encil  of  rays  sliall  enter  his  eye.  For  the  pres- 
ent we  may  consider  tlie  eye-piece  as  a  simple  lens  of 
short  focus  likb  a  common  hand -magnifier,  a  more  com- 
plete dewripiion  Inking  giveu  later. 

Magnifying  Power.— To  understand  the  manner  in 
which  the  telcsco)»e  magnifies,  we  remark  that  if  an  eye  at 
the  object-glass  conld  view  tlie  image,  it  would  appear  of 
the  same  size  as  the  actual  object,  the  image  and  the  object 
Eobtending  the  same  angle,  but  lying  in  opposite  direc- 
tions. This  angular  magnitude  being  the  same,  whatever 
the  focal  distani-e  at  which  the  image  is  formed,  it  follows 
that  the  size  of  the  image  varies  directly  as  the  focal  length 
of  the  object-glass.  But  when  we  view  an  object  with  a 
lena  of  small  focal  distance,  its  apparent  magnitude  is  the 
same  as  if  it  were  seen  at  that  focal  distance.  Consequently 
the  apparent  angular  magnitude  will  be  inversely  as  the 
focal  distance  of  the  lens.  Hence  the  focal  image  as 
wen  with  the  eye-piece  will  appear  larger  than  it  would 
wlieu  %4ewed  from  the  objective,  in  the  ratio  of  the  focal 
difitanee  of  the  objective  tp  that  of  the  eye-piece.  But  we 
have  said  that,  seen  through  the  objective,  the  image  and 
the  real  object  subtend  the  same  angle.  Hence  the  angu- 
lar magnifying  power  is  equal  to  the  focal  distance  of  the 
objective,  divided  by  that  of  the  eye  piece.  If  we  simply 
tarn  tbe  telescope  end  for  end,  the  objective  becomes  the 
eyo-piece  and  the  latter  the  objective.     The  ratio  is  in- 
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verted,  and  the  object  ie  diminished  in  size  in  the  same 
ratio  that  it  is  increased  when  viewed  in  the  ordinary 
way.  If  we  should  form  a  telescope  of  two  lenses  of 
eqnal  focal  length,  by  placing  them  at  double  their  focal 
difitanco,  it  would  not  magnify  at  all. 

The  image  formed  by  a  convex  lens,  being  npeide 
down,  and  appearing  in  the  same  position  when  viewed 
with  the  eye-piece,  it  follows  that  tlie  telescope,  when 
constmcted  in  the  simplest  manner,  Eihows  all  objects  in- 
verted, or  upside  down,  and  riglit  side  left.  This  is  the 
cjise  with  all  refracting  telescopes  made  for  astronomical 

Iiight-gatbering  Power.— It  is  not  merely  by  magnify- 
ing that  the  telescope  aesists  the  vision,  but  also  by  in- 
creasing the  quantity  of  light  which  reaches  the  eye  from 
tile  object  at  which  we  look.  Indeed,  should  we  ^lew  an 
object  through  an  instrument  which  magniHed,  but  did 
not  increase  the  amount  of  light  received  Uy  the  eye,  it  is 
evident  that  the  brilliancy  would  be  diminished  in  propor- 
tion as  the  surface  of  the  lAject  was  enlarged,  since  a  con- 
stant amount  of  h'ght  would  be  spread  over  an  increased 
surface  ;  and  thus,  unless  tlie  light  were  faint,  the  object 
might  become  so  darkened  as  to  be  less  plainly  seen  than 
with  the  naked  eye.  How  the  telescope  increases  the 
quantity  of  light  will  be  seen  by  considering  that  when  the 
unaided  eye  looks  at  any  object,  the  retina  can  only  re- 
ceive 60  many  rays  us  fall  upon  the  pupil  of  the  eye.  By 
the  nee  of  the  telescope,  it  is  evident  that  as  many  rays 
can  be  brought  to  the  retina  aa  fall  on  the  entire  object- 
glass.  The  pnpil  of  the  human  eye,  in  its  normal  state, 
has  n  diameter  of  about  one  fifth  of  an  inch  ;  and  by  the 
U60  of  the  telescope  it  is  virtually  increased  in  surface  in 
the  ratio  of  the  sqnare  of  the  diameter  of  the  objective  to 
the  square  of  one  fifth  of  an  inch.  Thus,  with  a  two-inch 
aperture  to  our  telescope,  the  number  of  rays  collected  is 
one  hundred  times  as  great  as  the  number  collected  with 
the  naked  eye. 


POWKR  Of  TBLBUCOPK. 
With  a  5-inch  ohject,.g'la88.  the  ratio  is 


'-      26    "        "  "         ■'       "       16,900  to  1 

When  «  minute  object,   like  a  star,   is  viewed,   it 
ntcreaary  tliat  a  certain  nnnnber  of  rays  should  fall  on  the^ 
ivtina  in  order  that  the  iftur  may  he  vieibie  at  all.     It  is 
Hierefore  plain  Iliat  the  ubc  of  the  telescope-  enables  an 
olsicrverto  see  iiiueh   fainter  gtars  than  he  could  detect 
witli  llie  naked  eye,  and  also  to  see   faint  objects  much 
l>etter  than  by  nnaided  vision  alone.     Thus,  with  a  26- 
inch  telescope  we  may  see  stars  bo  niimite  that  it  would 
require  many  thousands  to  be  vidble  to  the  nnaided  eye.  J 
An  important  remark  is,  however,  to  lie  made  here.  I 
Inspecting  Fig.  20  wo  see  that  the  cone  of  mya  passing  1 
tliroagh  the  ohjixft-glass  converges  to  a  focus,  then  diverges 
at  the  eanie  angle  in  ur<ler  to  pass  through  the  eye-piece. 
After  this  passage  the  rays  emerge  from  the   eye-piece 
parallel,   as  shown  in   Fig.   2*2.     It  is  evident   that  the 
diameter  of  tliis  cylinder  of  parallel  rays,  or  *'  emergent 
pencil,"  as  it  is  called,  is  less  than  the  diameter  of  the 
c4>ject-g1ae&,  in  the  same  ratio  tliat  the  focal  length  of  tlie  J 
eye-{nece  \a  leas  than  that  of  the  object-glass.     For  the[l 
central  ray  / 1'  is  the  common  axis  of  two  cones,  A  I'  and  1 
I   O  r  O',  having  tiic  same  angle,  and  equal  in  length  to 
I  tlie  respective  focal  distances  of  the  glasses.     But   this 
mtio  is  also  the  magnifying  power.     Hence  the  diameter 
I   <tf  the  emergent  pencil  of  rays  is  found  Viy  dividing  the 
diameter  of  the  object-glass  by   the  magnifying   power. 
Now  it  is  clear  that  if  the  magnifying  power  is  bo  small 
that  tliia  emergent  pencil  is  larger  than  the  pupil  of  the 
eye,  all  the  light  wliich  falls  on  the  objeut-glass  cannot 
enter  the  pupil.     This   will  he   the  case   whenever  the 
magnifying   puwcr   is   less   iban  live  for  every   inch  of  J 
aperture  of  the  glii.-*.'-.     If,  for  L-Mimple,  the  observer  stioulu 
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look  through  a  twelve-inch  telescope  with  an  eye-piecD 
60  large  that  the  magnifying  power  was  only  30,  the 
emergent  peiicil  would  be  two  tifths  of  an  inch  in  diam- 
eter, and  only  so  inucJi  of  the  light  could  enter  the  pupil 
as  fell  on  the  central  six  inches  of  the  ohjeut-glase. 
I*ractically,  therefore,  the  observer  would  only  be  using  a 
six-inch  telescope,  aU  the  light  whicli  fell  outside  of  the 
Gix-inoh  circle  being  lost.  In  order,  therefore,  that  he 
may  get  the  advantage  of  all  his  object-glass,  he  must  use 
a  magnifying  power  at  least  five  times  the  diameter  of  his 
objective  in  inches. 

When  the  magnifying  power  is  carried  beyond  this 
limit,  the  action  of  a  telescope  will  depend  partly  on  the 
nature  of  the  object  one  is  looking  at.  Viewing  a  etar, 
the  increase  of  power  will  give  no  increase  of  light,  and 
therefore  no  increase  in  the  apparent  brightness  of  the 
star.  If  one  is  looking  at  an  object  having  a  sensible 
surface,  as  the  moon,  or  a  planet,  the  light  coming 
from  a  given  portion  of  the  surface  will  be  spread  over  a 
larger  portion  of  the  retina,  as  the  magnifying  power 
is  increased.  All  magnifying  must  tlien  be  gained  at 
the  expense  of  the  apparent  illumination  of  the  surface. 
WhetJier  this  hjss  of  illumination  is  important  or  not  will 
dej>eud  entirely  on  how  much  light  is  to  spare.  In  a 
general  way  we  may  say  that  the  moon  and  all  the  plan- 
ets nearer  tlian  Saturn  are  so  brilliantly  illuminated  by 
the  eun  that  the  magnifying  power  can  be  carried  many 
times  above  the  limit  without  any  loss  in  the  distinctnesa 
of  vision. 

The  Telescope  in  Measurement. — A  telescope  is  gen- 
erally Ihoufrlit  of  "Illy  iu-i  an  iufitrunient  to  assist  the  eye 
by  its  niugnifyiiig  and  light -gathering  power  in  the  man- 
ner we  have  described.  But  it  has  a  very  important 
additional  function  in  astronomical  measurements  by  en- 
abling the  astronomer  to  point  at  a  celestial  object  with  a 
certainty  and  accuracy  otherwise  unattainable.  This  func- 
tion of  the  telescope  was  not  recognized  for  more  than 
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k»lf  a  century  after  its  invention,  and  iifter  a  long  and' 
ntlivr  acriiuoniouB  contest  between  two  Bciiools  of  aatron- 
oiners.  Until  the  middle  of  the  seventeenth  century, 
when  an  astronomer  wished  to  deteriiiiiie  the  altitude  of  e 
celestial  object,  or  to  measure  the  angular  distance  be- 
tween two  Btars,  he  was  obliged  to  point  his  quadrant  or< 
other  meafluring  instrument  at  the  object  by  means  of 
"  pinnules."  These  sei-red  tlie  same  purpose  as  the  sights 
Ml  a  rifle.  In  nsing  them,  however,  a  difficulty  arose. 
It  waa  impottsible  for  the  observer  to  have  distinct  vision 
both  of  the  object  and  of  the  pinnules  at  the  same  time, 
l:>ecaU3e  when  the  eye  was  focused  on  either  pinnule,  ot 
on  the  object,  it  was  necescarily  out  of  focus  for  the 
others.  The  only  way  to  diminish  this  difficulty  was  to 
lengthen  the  ann  on  which  the  pinnules  were  fastened  w 
that  the  latter  should  be  as  far  apart  as  possible.  Tliuft 
Tvruo  Bkaue,  before  the  year  1000,  had  measuring  in- 
struments very  much  larger  than  any  in  use  at  the  pres- 
ent time.  But  this  plan  only  diminished  the  difficulty  and 
could  not  entirely  obviate  it,  because  to  be  manageable 
the  instrument  must  not  be  very  large. 

About  1670  the  English  and  French  astronomers  found 
that  by  simply  inserting  fine  threads  or  wires  exactly  in 
the  focus  of  the  telescoiH;,  and  then  pointing  it  at  the  ob- 
ject, the  image  of  that  object  formed  in  the  focus  could  be 
made  to  coincide  with  the  threads,  sfj  that  the  observer 
could  see  the  two  exactly  superimposed  upon  each  other. 
When  thus  brought  into  coincidence,  it  was  known  that 
the  point  of  the  object  on  which  the  wires  were  set  was  in 
a  straight  line  passing  through  the  wires,  and  through  the 
centre  of  the  object-glass.  So  esaetly  could  such  a  point- 
ing be  made,  that  if  the  tel^cope  did  not  magnify  at  all 
(the  eye-piece  and  object-glass  being  of  equal  focal  length), 
a  ver}'  important  advance  would  still  be  made  in  the  ao- 
ey  of  astronomical  measurements.  This  line 
rally  through  the  telescope,  we  call  the  Ih 
ilion  of  the  telescope,  A  B  in  Fig.  20.     If 
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any  way  of  determining  it  we  at  once  realize  the  idea  ex- 
pressed in  the  opening  chapter  of  this  book,  of  a  pencil  ex- 
tended in  a  definite  direction  from  the  earth  to  the  heav- 
ens. If  the  observer  simply  sets  his  telescope  in  a  fixed 
position,  looks  through  it  and  notices  what  stars  pass  along 
the  threads  in  the  eye-piece,  he  knows  that  those  stars  all 
lie  in  the  line  of  coUimation  of  his  telescope  at  that  instant. 
By  the  diurnal  motion,  a  pencil-mark,  as  it  were,  is  thus 
being  made  in  the  heavens,  the  direction  of  which  can  be 
determined  with  far  greater  precision  than  by  any  meas- 
urements with  the  unaided  eye.  The  direction  of  this  line 
of  coUimation  can  be  determined  by  methods  which  we 
need  not  now  describe  in  detail. 

The  Aohromatio  Telescope. — The  simple  form  of  tele- 
scope which  we  have  described  is  rather  a  geometrical 
conception  than  an  actual  instniment.  Only  the  earli- 
est instruments  of  this  class  were  m.\de  with  so  few  as  two 
lenses.  Galileo's  telescope  was  not  made  in  the  form 
which  we  have  described,  for  instead  of  two  convex  lenses 
having  a  common  focus,  the  eye-piece  was  concave,  and 
was  placed  at  the  proper  distance  inside  of  the  focus  of  the 
objective.  This  form  of  instrument  is  still  used  in  opera- 
glasses,  but  is  objectionable  in  large  instruments,  owing  to 
the  smallness  of  the  field  of  view.  The  use  of  two  con- 
vex lenses  was,  we  believe,  first  proposed  by  Kepler. 
Although  telescopes  of  this  simple  form  were  wonderful 
instrununts  in  their  day,  yet  they  would  not  now  be  re- 
garded as  serving  any  of  the  purposes  of  such  an  instru- 
ment, owing  to  the  aberrations  with  which  a  single  lens  is 
affected.  We  know  that  when  ordinary  light  passes 
through  a  simple  lens  it  is  partially  decomposed,  the  differ- 
ent rays  coming  to  a  focus  at  different  distances.  The 
focus  for  red  rays  is  most  distant  from  the  object-glass, 
and  that  for  violet  rays  the  nearest  to  it.  Thus  arises 
the  chromatic  aberration  of  a  lens.  But  this  is  not  all. 
Even  if  the  light  is  but  of  a  single  degree  of  refrangi- 
bility,  if  the  surfaces  of  our  lens  are  spherical,  the  rays 
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wiiieh  pass  near  tlie  edge  will  come  to  a  eJiorter  focus 
than  those  wliich  pass  near  the  centre.  Thus  arises 
gphericid  iiiterratioH.  This  abermtlou  might  be  avoided 
if  lenses  uuuld  ho  gruuud  with  a  proper  {jnulatiou  of 
cnrvatorc  from  the  centre  to  the  cii-eu  inference.  Prao- 
tically,  however,  this  is  impossible  ;  the  deviation  fi 
uniform  sphericity,  which  uu  optician  can  pi-odi 
BHiall  to  neutralize  tlie  defect. 

Of  these  two  defects,  the  cliromatic  aberration  is  much 
the  more  serious  ;  and  no  way  of  avoiding  it  was  known 
nntil  the  latter  part  of  tho  last  century.  The  fact  had, 
indeed,  been  recogniziid  by  mtithematicians  and  phyaiciets, 
that  if  two  glasses  could  be  found  having  very  different 
ratios  of  refractive  to  dispersive  powers,*  the  defect  could 
be  cured  by  combining  lenses  made  of  these  different 
kinds  of  glass.  But  this  idea  was  not  realized  until  tho 
time  of  I*or.LOSD,  an  English  optician  who  lived  duirng 
the  last  century.  Tliis  aitist  found  that  a  concave  lens  of 
tlint  ghifiH  could  be  combined  with  a  convex  lens  of  crown  of 
>h)uble  the  curvature  in  euch  a  manner  that  the  dispersive 
powereof  the  two  lenses  should  neutralize  each  other,  being 
equal  and  acting  in  opposite  di- 
rections. But  the  crown  glass 
having  the  greater  refractive 
ix>wer,  owing  to  its  greater  cnr- 
vitonj,  the  rays  would  be  brought 
to  a  focus  witliout  dispersion. 
Such  is  the  eonstractioH  of  the  Fic.  21 
achromatic  objective.     As  now  •■■L\r^. 

luatle,  the  outer  or  cron^i  glass  lens  is  double  couvex  ;  the 
itm<;r  or  flint  one  is  generally  nearly  plano-concave. 
Fig.  21  shows  the  section  of  such  an  objective  as  made 
by  Al%ax  Clark  ti:  Sons,  the  inner  curves  of  the  crown 
and  flint  being  nearly  etpial. 

•Br  the  i^O'dehw poMcr  of  n  gtnas  15  tnennl  lis  powi-r  of  bending  the 
ny%  out  of  itieir  courer,  m>  as  lr>  liriiig  llicm  in  u  fnriis.     By  its  dtiptr-  J 
mtt  potter  is  meant  ils  imwur  i<f  sepiiKtiug  the  cuiors  bo  na  lo  fonn  Ig 
«  produi'v  tlimniBlii'  nlii'irutioii. 
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A  great  ad\-;iiilagt'  of  the  achromatic  objective  ie  that  it 
may  be  in»de  to  correct  tlie  Bphorical  aa  well  as  the  irhro- 
inatie  aberration.  This  is  effected  by  giving  the  proper 
curvature  to  the  various  Burfacts,  atid  by  makiag  euch 
slight  deviatioiiB  frt>iii  (Mtrfect  sphericity  that  rays  paasing 
tliruugh  all  parts  of  tlic  glass  uliall  come  to  the  same  focus. 

The  Secondary  Spaotrum.^It  \&  now  known  that  the 
chromatic  aberration  of  an  objective  cannot  be  perfectly 
corrected  with  any  combiuatioQ  of  glasses  yet  discovered. 
In  the  best  telescopes  the  hrij^htest  rays  of  the  spectrom, 
which  are  the  yellow  and  green  OTies,  are  all  brought  to 
tlic  same  focus,  hut  the  red  and  blue  ones  reach  a  focus 
a  little  farther  from  the  objective,  and  the  violet  ones  a 
focuB  still  farther.  Hence,  if  we  look  at  a  bright  Bt^r 
through  a  lai^  telescope,  it  will  lie  seen  surrounded  by  a 
blue  or  violet  light.  If  we  push  the  eye-piece  in  a  little 
the  enlarged  image  of  the  star  will  be  yellow  in  the  centre 
and  piirple  around  the  border.  This  separation  of  colors 
by  a  pair  of  lenses  is  called  a  secondary  spectrum. 

Eyo-Pioco, — In  the  skeleton  form  of  telescope  before 
deRcribed  the  eye-piece  us  well  as  the  objective  was  con- 
sidered as  consisting  of  but  a  single  lens.  But  with  such 
an  oye-piece  vision  is  imperfect,  except  in  the  centre  of 
the  lield,  from  the  fact  that  the  image  does  not  throw 
rays  in  every  direction,  but  only  in  straight  lines  away 
from  the  objective.  Hence,  the  rays  from  near  the  edges 
of  the  focal  image  fall  on  or  near  the  edge  of  the  eye- 
piece, whence  arise.'*  distortion  of  the  image  formed  on 
the  retina,  and  loss  of  light.  To  remedy  this  difficulty  a 
lens  is  inserted  at  or  very  near  the  place  where  the  focal 
image  is  fonned,  for  the  purpose  of  throwing  the  different 
pencils  of  rays  which  emanate  from  the  several  parts  of 
the  image  toward  the  axis  of  the  telescope,  so  that  they 
shall  all  pass  nearly  thpoughthe  centre  of  the  eye  lenspro- 
jier.     These  two  lenses  are  together  CJilled  the  eye-piece. 

There  are  some  small  diflerenoes  of  detail  in  the  pon- 
Btruction  of  eye-pieces,  but  the  general   principle  is   the 
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Ii  in  all.     Tlie  two  recognized  claeaes  are  the  posi- 
^  umI  negative,  tlie  fonuer  being  those  in  which  the>j 
ima^  is  formed  before  the  light  reaches  the  field  lens  ;  thCI 
negative  those  in  which  it  is  formed  between  the  lenses.     I 

The  figure  shows  (he  positive  eye-piece  drawn  accurately  lo  scale. 
0  /isoneof  tlic  converKinK  pencils  from  the  object-glaas  which 
forms  one  point  (F)  of  the  (ociil  imngc  /«.  This  inisge  is  viewed 
by  \he  .Ail  Unt  F  of  tlu-  eyo-piece  aa  n  real  object,  and  the  shaded 
pencil  between  F  and  £  shown  the  courHe  of  these  rays  after  de- 
▼iation  by  F.  If  there  were  no  rye-lent  E  an  eye  properly  placed 
beyond  F  wonld  nee  an  imn^  at  la.  The  eye-lens  Jl  recciven  the 
pencil  Qf  rays,  and  deviates  jt  to  the  observer's  eye  placed  at  such  a 
point  that  the  wliule  incident  pencil  will  pass  through  tlie  pupil 
and   fall  on  the   retina,  and  thux  be  effective.     As  we  saw  in  tlie 
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figure  nf  the  rcfractinit  telescope,  every  )>oint  of  the  object  prndiices 
a  pencil  similar  Xxi  0  I,  and  the  whole  Hurfnces  of  the  lenses  F 
luia  ^are  covered  with  rays.  A.1I  of  these  pencils  pn8Rin|;  through 
the  pupil  £■>  to  make  up  the  retinal  image.  This  image  is  referred 
by  the  mind  to  the  distance  of  distinct  vision  (about  ten  inchesi, 
and  the  image  A  I"  represents  the  dimension  of  the  final  image 
relative  to  the  image  «  /  as  formed  by  the  objective  and  — j-  is 

«ridently  the  maj^nitying  jiower  of  this  particular  eye-piece  u-sed 
in  combination  with  this  particiilnr  objective. 

Ilore  Exact  Theory  of  the  Otqeotive.— For  the  benefit  of  the 
reader  who  wUhcs  n  more  precise  knon  ledge  of  the  optical  princi- 
ulc*  on  which  the  action  of  the  abjective  or  other  system  of  lenses 
depends,  wf  present  the  following  geometrical  theory  of  the  sub- 
ject. Tills  theory  is  not  rigidly  exact,  but  is  hnfficiently  so  for  all 
ordinary  comniilAtions  nf  the  focal  lengths  nnd  six'-s  of  image  in 
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Centres  of  Convergence  and  Divergence.— Su|>j>oso  A  B.  Fig. 
33,  to  be  a  lens  or  comliinutiiin  ii(  lenses  on  wliicli  the  light  fnlls  from 
the  left  hnnil  am)  piissi's  rliroiigli  lo  tho  right.  Su|iposenifB  parallel 
to  fl  P  to  fall  on  every  piirt  of  the  first  surface  of  the  ginss.  After 
pnasing  through  it  Ihey  are  nil  fiupirased  to  converge  nearly  or  ex- 
nctl;  tu  the  snmc  point  R.  Among  all  these  rays  there  is  one,  and 
one  only,  tlic  course  of  which,  nttcr  emerging  trow  the  glass  at  (j, 
will  be  pamllel  to  Kb  original  direction  RP.  Ut  J?  /•  G  H'  be  this 
centml  riiy,  nhich  will  l>o  completely  detertnined  by  tho  direction 
from  which  it  comes.  Nuxt,  let  its  tube  n  ra;  coming  from  another 
direction  aa  a  P.  Among  nil  the  rays  parallel  to  .*•'  P,  let  us  take 
that  one  which,  nfter  emerging  from  the  glass  at  T*,  moves  in  a  line 
parallel  to  its  originni  direction.  Contmiiing  the  process,  let  us 
suppose  isolated  mys  coming  from  all  jmrts  of  a  distant  object  sub- 
ject to  the  single  condition  that  the  course  of  each,  ufter  jmssing 
through  the  glass  or  system  of  glasses,  shall  be  parallel  to  its  original 
couree.  These  rays  we  may  call  cenlrtU  rnyt.  They  lisve  this  re- 
markalilG  property,  pointed  out  by  Oal'ps  :  that  they  all  converge 
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toward  a  single  iwint,  P,  in  coming  to  the  glass,  and  diverge  from 
another  point.  P,  after  pnsising  through  the  last  lens.  These  points 
were  termccl  by  G.\u«m  "  Hauptpunktc,"  or  principal  points.  But 
they  will  proliably  be  better  undersloo<l  if  we  c^ll  the  ftr*t  one  the 
centre  of  convergence,  and  the  second  the  centre  of  divergence. 
It  must  not  be  understood  that  the  central  rays  necessarily  pass 
through  these  centres.  If  one  of  them  ties  outside  the  Arst  or  last 
refracting  surface,  then  the  central  rays  must  actually  pass  through 
it.  But  if  they  lie  between  the  surfaces,  tliey  will  be  fixed  by  the 
continuation  of  the  straight  line  in  which  the  rays  move,  the  latter 
lieing  refracted  nut  of  their  course  by  passing  through  the  surface, 
und  thus  avoiding  the  paints  in  question.  If  the  lens  or  system  of 
lenses  be  turned  around,  or  if  the  light  passes  through  them  in  an 
opposite  direction,  the  centre  of  convergence  in  the  first  case  bc- 
nnincs  the  centre  of  divergence  in  the  second,  and  et«  vtrna.  The 
necessity  of  this  will  he.  clearly  seen  by  reflecting  that  a  return  ray 
of  light  will  always  keep  on  the  course  of  the  original  ray  in  the 
opposite  direction. 
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lens  with  ligbt  falling 


Tbe  figiiiv  repregents  a  pli 
the  convex  aide.     In  this  cose  the 

on  tli«  convex  surfnce,  and  that  of  divergeoce  inside  the  gli 
about  ooe  tbird  or  two  fifths  of  the  wa;  from  the  roovex  to  the 
plane  surface,  the  position!^  varying  with  the  refractive  index  of  the 
glass.  In  a  double  convex  lens,  both  points  will  lie  inside  the  glass, 
while  if  a  glaw  is  concave  on  one  side  and  convex  on  the  other, 
one  of  the  points  will  be  outside  the  glass  on  tbe  poncavc  side.  It 
must  be  remembered  that  the  positions  of  these  centres  of  conver- 
gence and  divergence  depend  solely  on  the  form  and  size  of  the 
lenses  and  their  refractive  indices,  and  do  not  refer  in  anj-  way  to 
the  distances  of  the  objects  whose  images  they  form. 

The  principal  projierties  of  a  lens  or  objective,  by  which  the  size 
of  inmgcs  arc  determined,  are  as  follows  :  Since  the  angle  S  F  R 
made  by  the  divcrgine  rays  is  equal  to  S  P  S,  made  by  the  con- 
verging ones,  it  follows,  that  if  a  Ions  form  the  image  of  an  object, 
the  aiie  of  the  image  will  be  to  that  of  the  object  as  their  respec- 
tive distances  from  the  centres  of  convergence  and  divergence.  In 
other  words,  the  object  see.i  from  tbe  centre  of  convergence  P  will 
he  of  the  Hune  nngidar  magnitude  as  the  image  seen  from  the 
centre  of  divergence  P". 

By  fonjagaU  fori  of  o  lens  or  system  of  lenses  we  mean  a  pair  of 
poinla  such  that  if  rays  diverge  from  the  one,  they  will  converge  to 
the  other,  flence  if  an  object  is  in  one  of  a  pair  of  such  foci,  the 
imitKP  will  be  formed  in  the  other. 

By  the  Ttftattire  power  at  a  lens  or  combination  of  lenses,  we 
mcjui  its  influence  in  refracting  parallel  rays  to  a  focus  which  we 
may  measure  by  tbe  reciprocal  of  its  focal  distance  or  1  -^/.  Thus, 
tbe  power  of  a  piece  of  plain  glass  is  0.  because  it  cannot  bring 
rays  to  a  focus  at  all.  The  power  of  a  convex  lens  is  positive,  while 
that  of  a  concave  lens  is  negative.  In  the  latter  case,  it  will  be 
remembered  by  the  student  of  optics  that  the  virtual  focus  is  on 
the  same  side  of  the  lens  from  which  the  rays  proceed.  It  is  to 
br  noted  that  when  we  speak  of  the  focal  distance  of  a  lens, 
me*n  tlie  diatance  from  the  centre  of  divergence  to  the  focus  for 
parallel  rays.  In  astronomical  language  this  focus  is  called  the 
Hteltar  focus,  being  that  for  celestial  objects,  all  of  which  we  may 
regard  as  infinitely  distant.  If,  now,  we  put 
p,  the  power  of  the  lens  ; 
y,  its  stellar  focal   distance  ; 

y,  the  distance  of  an  object  from  the  centre  of  convergence 
^',  the  dinance  of  its  image  from  the  centre  of  divergence  ;  thea 
the  U|iMtion  which  detemiines/ wilt  be 


n 


i_ 


=  V  ; 


^   f  +  f'-'     r-f 

From  lhe«  oouations  may  be  found  the  focal  length,  having  the 
di*lanc«  M  which  the  image  of  an  object  is  formed,  ( 
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As  vc  have  seen,  the  most  eesei)tial  part  of  a  refracting 
telescope  is  the  objective,  wliieli  brings  all  the  incident 
rays  from  an  object  to  one  focua,  forming  there  an  image 
of  thai  object.  In  reflecting  teleecopes  (reflectore)  the 
iibjective  is  a  mirror  of  sixjcuium  motiU  or  silvered  glass 
ground  to  the  sha|>c  of  a  jiaraboloid.  The  figure  shows 
Ilie  action  of  such  a.  niirroi  on  a  bundle  of  parallel  rays. 
wliicb,  after  impinging  on  it,  are  brought  by  reflection  to 
one  focus  K  The  image  formed  at  tliis  focus  may  be 
viewed  witli  an  eye-piece,  ae  iu  the  case  of  the  refracting 
telescope. 

The  eye-pieces  nsod  with  such  a  mirror  arc  of  the  kinds 
already  desml^L-.l.      Itl    llir    fi-i;iv    il„    f^r-pk-re  would 
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have  to  be  placed  to  the  right  of  the  point  J^,  and  the 
observer's  head  would  thus  interfere  witli  the  incident 
liglit.  Various  devices  have  been  proposed  to  remedy  this 
inconvenience,  of  which  we  will  describe  the  two  moat 
common. 

The  Wewtonian  Telescope. — In  this  form  the  rays  of 
light  rcflcftcd  from  the  mirror  are  made  to  fall  on  a  small 
piano  mirror  placed  (liagoiiiilly  just  before  they  reach  the 
principal  focus.  Tho  rays  are  thus  reflected  out  laterally 
through  an  opening  in  the  telescope  tube,  and  are  there 
brought  to  a  focus,  and  tlie  image  formed  at  the  point 
marked  by  a  heavy  white  line  in  Fig,  25,  instead  of  at 
the  point  inside  the  telescope  marked  by  a  dotted  line. 
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This  focal  image  is  then  exaititned  hy  nieane  of 
dinaiy  eye-piece,  the  head  of  the  observer  being 
of  the  telescope  tube. 

Tliii  device  is  the  invention  of  Sir  Isaac  Xewtoh. 


an  0^1 


Tho  CawegrainiaD  TeleBoopo.— In  this  fonn  a  Becond-  \ 
irj- fronvex  mirror  IB  placed  in  the  tnbe  of  the  telescopi' 
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about  three  fonrtlis  of  tbe  way  from  the  largo  speGnium 
to  the  fociie.  The  rays,  after  being  reflected  from  the 
large  speculum,  fall  on  this  mirror  before  reaching  the 
focus,  and  are  rellected  back  again  to  the  speculum  ;  an 
opening  ie  made  in  the  centre  of  tlie  latter  to  let  the  rays 
paee  through.  Tlic  poeition  and  curvature  of  the  secondary 
mirror  are  adjusted  bo  that  the  focus  shall  be  formed  juet 
after  passing  throngh  the  opening  in  the  epeciilum. 

In  this  telescope  the  observer  stands  behind  or  under 
the  speculum,  and,  with  the  eye-piece,  looks  through  the 
opening  in  the  centre,  in  the  direction  of  the  object. 
This  form  of  reflector  is  much  more  convenient  in  nee 
than  the  Nevrtonian,  in  using  which  the  observer  has  to 
be  near  the  t«p  of  the  tube. 

This  form  was  devised  by  Cassggkaik  in  1672. 

Tlie  advantages  of  reflectors  are  found  in  their  cheap- 
ne«s,  and  in  the  fact  that,  supposing  the  mirrors  perfect  in 
figure,  all  the  rays  of  the  spectrum  are  brought  to  one 
focus.  Thus  the  reflector  is  suitable  for  spectroscopic  or 
photographic  researchos  without  any  change  from  its  or- 
dinary form.  This  is  not  tnie  of  the  refractor,  since  the 
rays  by  which  we  now  photograph  (the  blue  and  violet 
rays)  are,  in  that  instrument,  owing  to  the  secondarj- 
spectrum,  brought  to  a  focus  slightly  different  from  that 
of  the  yellow  and  adjacent  rays  by  means  of  which  we 
see. 

Reflectors  have  been  made  as  large  as  six  feet  in  apOT- 
tnre,  the  greatest  being  that  of  Lord  Kosse,  but  those 
which  have  been  most  successful  have  hardly  ever  been 
larger  than  two  or  three  feet.  The  smallest  satellite  of 
Saturn  {Mimas)  was  discovered  by  Sir  William  Hekschel 
with  a  four-foot  speculum,  but  all  the  other  satellites  dis- 
covered by  him  were  seen  with  mirrore  of  about  eighteen 
inches  in  aperture.  With  these  the  vast  majority  of  his 
faint  nebulse  were  also  discovered. 

The  satellites  of  Nephtv«  and  Uranvs  were  discovered 
by  Labseli.  with  a  two-foot  speculum,  and  much  of  the 
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wurk  of  I^ril  Riis^k  lius  been  done  witli  his  tliree-footl 
nfiiiTor,  iiisteaU  of  liis  celebrated  six-foot  one.  M 

From  the  tiino  of  Newton  till  qnite  recently  it  wii»l 
Usual  to  inake  the  large  mirror  or  objeetitre  out  of  8pecn*H 
lum  metal,  a  brilliant  alloj  liable  to  tamisli.  'When  th«l 
mirror  was  ouee  tamislied  Ihrougli  exposure  to  thai 
weather,  it  could  be  renewed  only  by  a  ]>roces9  of  polish-* 
iiig  altnoBt  equivnleut  to  figuring  und  polieliing  the  mirror  m 
anew.  Coneeqiiently,  in  such  a  speculnin,  after  the  cor-  ■ 
roct  form  and  polish  were  attained,  there  waa  great  dilH-  I 
ciilty  in  preserving  them.  In  re«int  years  this  difficnlty  I 
has  t)eeu  largely  overcome  in  two  ways  :  first,  by  im-  I 
pruvenients  in  the  composition  of  the  alloy,  by  which  its  4 
liability  to  tamisli  tinder  cx{M>8ure  is  greatly  diminished,  I 
and,  secondly,  by  a  plan  proposed  by  ForcAri.T,  wludi  I 
conaiets  in  making,  ouee  for  all,  a  mirror  of  glass  which  I 
will  alwaya  retain  its  good  fignre,  and  depoeiting  upon  it  a  I 
Ihin  film  of  silver  which  may  !«  removed  and  restored  I 
with  littlo  labi^r  n*  often  as  it  Ijeeomes  tatiuslied.  % 

In  this  way,  one  imjtortant  defect  in  the  relk'cfor  has  I 
been  avoided.  Another  great  defect  has  been  less  success-  I 
fully  ti-eated.  It  \»  not  a  process  of  exceeding  difficulty  I 
to  give  to  the  reflecting  surface  of  either  metal  or  glass  I 
tlie  correct  parabolic  shape  by  which  the  incident  rays  are  1 
bronght  accurately  to  one  foens.  But  to  maintain  this  I 
shape  eonsBiiitly  when  the  mirror  is  monntod  in  a  tube,  I 
and  when  this  tulw  is  directed  in  succession  to  various  1 
[>art«  of  the  sky,  is  a  mechanical  problem  of  extreme  diffi-  J 
nilty.  However  the  mirror  may  l>e  supported,  all  the  I 
unsupported  points  tend  by  their  weight  to  sag  away  from  I 
the  proper  position.  When  the  mirror  is  pointed  near  I 
the  horizon,  this  effect  of  flexure  is  quite  diflercnt  from  1 
what  it  is  when  pointed  near  the  zenith.  1 

As  long  as  the 'mirror  is  small  (not  greater  than  eight  to  1 
twelve  inehea  in  diameter),  it  is  found  easy  to  support  it  J 
80  that  i\wM>  variations  in  the  strains  of  flexure  have  tittlaa 
practical  offect.      As  wo  ineroase  it»  diameter  up  to  48  iirfl 
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72  inches,  the  effect  of  flexure  rapidly  increases,  anfi 
special  devices  have  to  be  need  to  counterbalance  the 
injury  done  to  the  shape  of  the  mirror. 

g  3.    CHBONOMETERS  AJTS  CIiOCES. 

In  Chapter  L,  §  5,  vm  deseribcii  bow  tbe  right  ascen. 
sions  of  the  heavenly  bodies  are  measured  by  the  times 
of  their  transits  over  the  meridian,  this  quantity  increas- 
ing by  a  minute  of  arc  in  four  eeconds  of  time.  In  order 
to  determine  it  with  all  required  accuracy,  it  is  necessary 
tliat  the  time-pieces  with  wliicli  it  is  measured  shall  go 
witli  the  greatest  possible  precision.  There  is  no  great 
diflicnlty  in  making  astronomical  measures  to  a  second 
of  arc,  and  a  star,  by  its  diurnal  motion,  passes  over  this 
space  in  one  fifteenth  of  a  second  of  time.  It  is  there- 
fore desirable  that  the  astronomical  clock  sliall  not  vary 
from  a  unifunn  rate  more  than  a  few  hundredths  of  a 
8ecx>nd  in  the  course  of  a  day.  It  is  not,  however, 
necessary  that  it  should  be  perfectly  correct ;  it  may  go 
too  fast  or  too  slow  without  detracting  from  its  char- 
acter for  accuracy,  if  tlie  intervals  of  time  which  it 
tells  off — hours,  minutes,  or  seconds — arc  always  of  ex- 
actly tlie  same  length,  or,  in  other  words,  if  it  gains  or 
loses  exactly  the  same  amount  every  hour  and  every  day. 

The  time-pieces  used  in  astronomical  observation  are 
the  chronometer  and  the  clock. 

The  '^kronometer  is  merely  a  very  jjerfect  time-piece 
with  a  balance-wheel  so  constructed  that  clianges  of  tem- 
perature have  tbe  least  possible  effect  upon  the  time  of  its 
oscillation.  Such  a  balance  is  called  a  compensation,  bal- 
ance. 

The  ordinary  house  clock  goes  faster  in  cold  than  in 
warm  weather,  because  the  pendulum  rod  shortens  under 
the  influence  of  cold.  This  effect  is  such  that  the  clock 
will  gain  alK)ut  one  second  a  day  for  every  fall  of  3°  Cent, 
(h°A  Fabr,)  in  the  teniperaturo,  supijosing  the  pendulum 
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rod  to  be  of  iron.  Sucli  cliaiiges  of  rate  would  be  entireljl 
inadmiseible  in  n  clock  used  for  astroiiotnical  purposes.! 
The  astronomical  clock  is  therefore  provided  witli  a  com-J 
pensation  pendulum,  by  wliich  the  disturbing  effects  olv 
clianges  of  temperature  are  avoided. 

There  are  two  forms  now  in  use,  the  Harrieon  {grid*lk 
iron)  and  the  t/wrcurial.  In  the  gridiron  pendulum  tbe'l 
rod  is  composed  in  part  of  a  number 
of  parallol  bars  of  steel  and  brass, 
so  connected  tt^ther  that  while  the 
expiuision  of  the  steel  bars  produced 
by  an  increase  of  temperature  tends 
to  depress  the  hob  of  the  peuduloni, 
the  greater  expansion  of  the  brass  bars 
tends  to  raise  it.  When  the  total 
lengths  of  the  steel  and  brass  bars 
liave  been  properly  adjusted  a  nearly 
j»erfect  compensation  occors,  and  the 
centre  of  oscillation  remains  at  a  con- 
ftuit  distance  from  the  point  of  bus- 
penfiion.  Tlic  rate  of  the  clock,  so 
far  as  it  depeitds  on  the  length  of  the 
pendiilnm,  will  therefore  he  (constant. 

In  the  inerci:rial  pendulum  the 
weight  whicli  forms  the  bob  is  a 
cylindric  glass  vessel  nearly  filled 
with  mercury.  With  an  increase  of  temperature  the  steel 
Btispeusion  rod  lengthens,  tluis  throwing  the  centre  of 
oscillation  away  from  the  point  of  suspension  ;  at  the 
snme  time  the  expanding  mercury  rises  in  the  cylinder, 
and  tends  therefore  to  raise  the  centre  of  oscillation. 
When  the  length  of  the  rod  and  the  dimensions  of  the 
cylinder  of  mercury  are  properly  proportioned,  the  centre 
of  oenilhitioii  is  kept  at  a  constant  distance  from  the  point 
of  enspension.  Other  methods  of  making  this  compensa- 
tion have  been  used,  but  these  are  the  two  in  most  gen- 
enl  use  for  astronomical  clot^ks. 
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The  eorreetiofi  of  a  chronometer  (or  clock)  is  the  quantity  of  time 
(expressed  in  hours,  minutes,  seconds,  and  decimals  of  a  second) 
which  it  is  necessary  to  add  algebraically  to  the  indication  of  the 
hands,  in  order  that  the  sum  may  be  the  correct  time.  Thus,  if  at 
sidereal  O**,  May  18,  at  New  York,  a  sidereal  clock  or  chronometer 
indicates  23''  SS"'  20'  7,  its  comction  is  +  1'"  39' -3;  if  atO''  (sidereal 
noon),  of  May  17,  its  correction  was  +  1'"  38' -3,  its  daily  rate  or  the 
change  of  its  correction  in  a  sidereal  day  is  +  1*0:  in  other  words, 
this  clock  is  losing  V  daily. 

For  clock  mIouj  the  sign  of  the  correction  is  + » 

**       •*     f(ut     **      **     **    "  **         is—; 

*'       **  gaining  ^^^      '*     *'    *'        rate       is  — ; 

•*    lo9ing    ''     *•     *•    *•  "         is+. 

A  clock  or  chronometer  may  be  well  compensated  for  temperature, 
and  yet  its  rate  may  be  gaining  or  losing  on  the  tim**  it  is  intended 
to  keep :  it  is  not  even  necessary  thai  the  rate  should  bo  small  (ex- 
cept that  a  small  rate  is  practically  convenient),  provided  only  that 
it  is  constant.  It  is  continually  necessary  to  compute  the  clock  cor- 
rection at  a  given  time  from  its  known  correction  at  some  other  time, 
and  its  known  rate.  If  for  some  definite  instant  we  denote  the  time 
as  shown  by  the  clock  (technically  '*the  clock-face'*)  by  7',  the  tru;j 
time  by  T  and  the  clock  correction  by  a  T',  we  have 

r  =  r  -f   A  7',  and 
A  T  =  r  -  T. 

In  all  observatories  and  at  sea  observations  are  made  daily  to  de- 
terntine  A  T.  At  the  instant  of  the  observation  the  time  T  is  noted 
by  the  clock;  from  the  data  of  the  observation  the  time  T*  is  com- 
puted. If  these  agree,  the  clock  is  correct.  If  they  differ,  A  Tis 
found  from  the  above  equations. 

If  by  observation  we  have  found 

A  7^0  =  the  clock  correction  at  a  clock-time  7g, 
A  r  =  the  clock  correction  at  a  clock-time  T^ 
t^T  =  the  clock  rati  in  a  unit  of  time, 

we  have 

A  T=  A  7;  -f  AT(T-  Tu) 

where  T  —  To  must  be  exprcsseJ  iu  days,  hours,  etc.,  according  as 
<^  T  is  the  rate  in  one  day,  one  hour,  etc. 

When,  therefore,  the  clock  corrfection  A  To  and  rate  dT  have  been 
determined  for  a  certain  instant,  T^o,  we  can  deduce  the  true  time 
fiom  the  clock-face  7' at  any  other  instant  by  the  equation  17  =  T 
+  ATo  -f  dT(T—  To).  If  the  clock  correction  has  been  deter- 
mined at  two  different  times,  To  and  T  to  be  A  To  and  A  T,  the  rate 
is  inferred  from  the  equation 

T-  7\ 
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/*»• 


to 


Thcue  equations  apply  only  so  long  as  we  can  r^ard  the  rate  a^ 
eontianU  As  obseirations  can  be  made  only  in  clenr  weather,  it  w 
plain  that  during  periods  of  overcast  skj  we  must  depend  on  these 
equations  for  our  knowledge  of  V — /.«.,  the  true  time  at  a  cluck- 
time  T. 

The  intervals  between  the  determination  of  the  clock  correction 
bhould  be  small,  since  even  with  the  best  clocks  and  chronometers 
too  much  dependence  must  not  be  placed  upon  the  rate.    The  follow- 
ing example  from  Chauyenbt^s  Astronomy  will  illustrate  the  practi 
cal  processes : 

'*  ExnnipU. — At  sidereal  noon.  May  5,  the  correction  of  a  sidereal 
clock  is  —  IG***  47*0;  at  sidereal  noon,  May  12,  it  is  — 16"*  18*-50; 
what  is  the  sidereal  time  on  May  25,  when  the  clock-face  is  11*^  13'* 
12* -6,  ^upposing  the  rate  to  be  uniform  1 


•» 


May  6,  correction 
22, 

7  days'  rate 
6T 


—  16«47\30 

—  16»»  13-.  50 


+ 
+ 


33'.  50 
4'.829. 


Taking  then  as  our  starting-point  7.  =  May  12.  O'*,  we  have  for  the 
interval  to  r=  May  25,  ll**  13"'  12'  6,  T-  To  =  U^  ll**  13'"  12*. 6 
=  VS'^467.     Hence  we  have 


dTiT-  J\,) 

AT 
T 

T 


But  in  this  example  the  rate  is  obtained  for  one  true  sidereal  day, 
while  the  unit  of  the  interval  IS** -467  is  a  sidereal  day  as  shown  by 
the  clock.  The  proper  interval  with  which  to  compute  the  rate  in 
this  case  is  13*^  IC*  58"*  4«.  13  =  13'*.457,  with  which  we  find 


-    16°' 

13'.50 

+       1"' 

5*.  08 

-    IS"* 

8».47 

llh   13n. 

12*.  60 

10"  SB'"' 

4M3 

—   16"  13* 
■f      1"*    4' 


A  To 
dT  X  13457 

AT 

T     

r'=10''58'"    4» 


—    15°'    8* 
llh  I3"i  12» 


60 

98 


52 
60 

08 


This  repetition  will  be  rendered  unnecessary  by  always  giving  the  rate 
in  a  vnit  of  the  clock.  Thus,  suppose  that  on  June  3,  at  4"  11'"  12^  30 
by  the  clock,  we  have  found  the  correction  -|-  2'"  10»14;  and  on 
June  4,  at  U**  17"  49v82  we  have  found  the  correction  -f-  2"»  19*.89 ; 
the  rate  in  one  hour  of  the  clock  will  be 


cjr  = 


^  9>  75 
84^  •  1 1'04 


=  -h  0'-2858." 
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%  4.    THE   TBAmiT   IM  STJtU MJEHT. 

The  meridiaH  trantit  inetrument,  or  briefly  the  "  tnn* 
ait, ' '  is  ased  to  obeerre  the  transits  of  the  heavenly  bodice 
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and  from  the  times  of  these  transits  as  read  from  the 
clock  to  determine  either  the  correctionB  of  the  clock  or 
the  right  ascension  of  the  observed  body,  as  explained  in 
Chapter  I.,  §  5. 
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These  are  fastened  to  two  pillars  of  Btoiie,  brick,  or 
iron.  Two  counterpoises  W  W  are  connected  with  the 
axis  as  in  the  plate,  so  as  to  take  a  large  portion  of  the 
weight  of  the  axis  and  telescope  from  the  Ye,  and  thiie  to 
diminish  the  friction  upon  these  and  to  render  the  rota- 
tion sbout  V  Y  more  eaey  and  reg;nlar.  In  the  ordinarT 
nee  of  the  transit,  the  line  V  V  is  placed  accurately  level 
and  perpendicular  to  the  meridian,  or  in  the  east  and  west 
line.  To  effect  this  "  adjustment,"  there  are  two  eete  of 
adjusting  screws,  by  which  the  ends  of  V  V  in  the  Ys  may 
be  moved  either  np  and  down  or  north  and  south.  The 
plate  gives  the  form  of  transit  used  in  permanent  observa- 
tories, and  shows  the  observing  chmr  C,  the  reversing  car- 
riage 8,  and  the  level  L.  The  arms  of  the  Iatt«r  have 
Y'b,  which  can  be  placed  over  the  pivots  V  V. 

The  line  of  colliniation  of  the  transit  telescope  is  the 
line  drawn  through  the  centre  of  the  objective  perpendic- 
nlar  to  the  rotation  axis  V  I'. 

The  reticle  is  a  network  of  fine  Bpider  lines  placed  in 
the  focus  of  the  objective. 

In  Fig.  30  the  circle  represents  the  field  of  view  of  a 
transit  as  seen  through  the  eye-piece.  The  seven  ver- 
tical hnes,  I,  II,  III,  IV.  V,  VI, 
VII,  are  seven  fine  spider  lines 
I  tightly  stretched  across  a  metal  plate 
I  or  diaphragm,  and  so  adjusted  as  to 
I  be  perpendicular  to  the  direction  of 
'tar'fi  apparent  diurnal  motion. 
I  TliiH  metal  plate  can  be  moved  right 
and  left  by  five  screws.  The  hori- 
'  zontal  wires,  guide-wires,  a  and  J. 
mark  the  centre  of  the  field.  The 
[limited  at  night  by  a  lamp  at  the  end  of  the 
axis  which  shines  through  the  hollow  interior  of  the  lat- 
ter, and  causes  the  field  to  appear  bright.  The  wires  are 
dark  against  a  bright  ground.  The  line  qf  siff/it  is  a  line 
joining  the  centre  of  the  objective  and  the  central  one.  IV, 
ol  the  seven  vertical  wires. 
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The  whole  transit  is  iu  adjustment  when,  first,  the  iixia 
Y  V  is  horizontal ;  second,  when  it  lies  east  and  west ;" 
and  third,  when  the  line  of  sight  and  the  line  of  collima- 
tion  coincide.  When  these  tionditiona  are  fuldlled  the 
line  of  sight  intersects  the  celestial  sphere  in  the  incriditta 
of  the  p1»ce,  and  when  T Tie  rotated  about  I'  I'  tlie  line  1 
of  sight  marks  out  the  meridian  on  the  sphere.  I 

In  prartice  tbe  three  adjust menta  are  Dot  cxnctlj  modu,  aince  it  u 
impossible  to  efTe<:l  tliem  with  mathcmaticul  precision.  Tlic  errors 
of  each  of  them  are  first  made  as  small  aa  is  conTeoieat,  and  are  then 
detenuiDed  nod  allowed  for. 

To  find  tile  error  of  Utel,  we  place  on  the  pivots  a  fine  level  (shown 
iu  position  in  tile  figure  of  the  ptirtable  transit),  and  detertuiae  liow 
much  higher  otic  pivot  is  than  the  other  in  terms  of  the  divisioDt 
mariced  od  the  level  tube.  Such  n  level  ui  shown  in  Fig,  4  of  plate 
SS,  pige  86.  The  value  of  one  of  tliese  divisionj)  in  flecoods  of  arc 
<!*n  be  determined  by  knowing  the  length  I  of  the  wliole  level  and 
the  Dumber  n  of  divisions  through  which  the  bubble  will  run  when 
one  «nd  is  raised  one  hundredth  of  an  inch. 

If  1  is  the  length  of  the  level  in  inches  or  the  radius  of  the  circle 
in  wnlch  either  end  of  the  level  moves  when  it  is  rained,  then  aa 
the  radiua  of  any  circle  is  equal  to  57" -396.  8437'-75or  aOO,3iM"-8, 
we  have  in  this  particular  circle  ouc  inch  =  20l!,2II4"-t!  -i-l% 
001  inch  =  308,204-8  -^  lOD  f  =  n  certain  arc  in  Mcundu,  sa;  a". 
That  ia,  n  divisions  =  a",  or  one  division  d  =  a"  -i-  n. 

The  trrvr  of  tolUnialian  can  be  found  by  poinling  the  telescoM 
■t  a  distant  mark  whose  image  b  brousbt  to  the  middle  wire.  Tito 
teleMOpe  (with  the  axi>i)  a  then  lifted  bodil;  from  tlie  Ya  and  re- 
plaeediothnt  the  axis  KFis  reversed  end  for  end.  The  telescope  b 
again  pointed  to  tlie  distant  mark.  If  this  is  still  on  the  mitldla  < 
tbread  the  line  of  sigtit  and  the  line  of  collimation  coincide.  If  not,  ' 
the  reticle  must  be  moved  bodily  west  or  east  until  these  conditi  — 
are  fulftlled  after  repeated  reversab. 

To  find  the  error  of  luimuth  or  the  departure  of  the  directiou  of  j 
F  K frooi  an  east  aud  west  line,  we  must  observe  the  '  "'' 

two  Mars  of  differeut  declinations  d  and  i,  and  right  a 
and  a".  Suppose  the  clock  to  be  running  correctly— that  is.  with  no 
rate — and  the  sidereal  times  of  transit  of  the  two  stars  over  the  mid- 
dle thread  to  be  fl  and  B:  If  0  —  0'  =  n  —  a',  then  the  middle  wire 
ia  in  the  muridiaa  and  the  azimuth  is  zero.  For  if  the  azimuth 
was  not  zero,  but  the  west  cud  of  the  axis  was  too  far  aoutli.  for 
example,  the  line  of  sight  would  fall  east  of  the  meridian  for  a 
MHith  star,  and  further  aud  further  east  the  further  sonth  the  ator 
waa.  Hence  if  the  two  Hlnra  have  widely  different  declinations  t 
and  <!',  then  the  star  furthest  south  would  cume  proportionately 
■Ooner  to  tlie  middle  wire  than  the  other,  and  ^  —  S'  would  bu 
different  from   (r  —  >r'      Th*'   arnnunt    of   this   difference   gives   u 
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raeuts  of  deduoing  the  deviation  of  A  A  from  an  cast  and  west 
tine.  In  a  HiimlBr  way  the  effect  of  a  given  error  of  level  on  the 
lime  of  tht!  traa»it  of  a  star  of  declinKtion  d  is  fouud. 

Uethods  of  Observing  with  the  Trttnsit  lostrtuneat.— 
Wo  have  so  far  assumed  that  the  time  of  a  star's  tniD»t 
over  the  middle  thread  was  known,  or  coald  be  noted. 
It  is  necessary  to  speak  more  in  detail  of  how  it  is  noted. 
When  the  telescope  is  poiDted  to  any  star  the  eartliV 
diurnal  motion  will  carry  the  image  of  the  star  slowly 
atrosii  the  field  of  view  of  the  teleai^ope  (which  is  kept 
fi.M'dj,  as  before  explained.  As  it  proeees  each  of  the 
thnsads,  the  time  at  whieh  it  is  exactly  on  the  thread  is 
noted  frnm  the  clock,  which  ranst  be  near  the  transit. 

The  mean  of  theie  times  gives  the  time  at  whidi  thia 
star  was  on  the  middle  thread,  the  threads  being  at  equal 
intervals  ;  or  ou  the  "  m/vm  thread,"  if,  as  is  the  case  in 
practice,  tliuy  are  at  unequal  intervals. 

If  it  were  possible  for  an  astronomer  to  note  the  exact 
instant  of  the  transit  of  a  star  over  a  thread,  it  is  plain 
that  one  thread  wonld  be  sutHcient ;  but,  as  all  estima- 
tions of  this  time  are,  from  the  very  nature  of  the  ease, 
but  approximations,  several  threads  are  inserted  in  order 
that  the  accidental  errors  of  cBtiamtiims  maybe  eliminated 
ae  far  as  intssiMe.  Five,  or  at  most  seven,  threads  are 
auflicient  for  this  purpose.  In  the 
figure  of  the  reticle  of  a  transit  instru- 
ment the  star  (the  planet  Venus  in  thia 
case)  may  enter  on  the  right  hand  in  the 
figure,  and  may  bo  supposed  to  cross 
each  of  the  wires,  the  time  of  its  tran- 
sit over  each  of  them,  or  over  a  suffi- 
cient number,  being  noted.  The 
melliod  of  noting  this  time  may  be  beat 
undentood  by  referring  to  tlie  next  figure.  Suppose  that 
the  line  in  the  middle  of  Fig.  32  is  one  of  the  transit- 
threads,  and  that  the  star  is  passing  from  the  right  hand 
of  the  figure  toward  the  left ;  if  it  is  on  this  wire  at  an 


I  this  way  the  transit 


exfict  second  hy  the  clock  ^which  is  always  near  tbe  ob- 
server, beatinf^  seconds  audibly),  this  second  nmat  be  writ- 
ten down  as  the  time  of  the  transit  ovur  tiiia  thread.  As 
a  rule,  however,  the  transit  caiiiiut  ocfur  on  tlie  ei^act 
beat  of  the  clock,  hut  at  the  neveiitcentii  second  ifor  «xam- 
pie)  the  star  may  be  on  the  right  cf  the  wire,  say  at  a  ; 
while  at  the  eighteenth  pecond 
it  will  hare  passcil  this  wire  and 
may  l>c  at  i.  If  the  distance  of 
1  from  the  wire  is  six  tenths  of 
the  distance  a  b,  then  the  time 
of  transit  is  to  be  recorded  as  — 
finurt  —  mtnulfs  (to  be  taken  ' 
from  the  clock-face),  and  seren- 
tecn  and  six  tenths  tez-oii/h ;  and 
o^ereach  wire  is  observed.  This  is  the  metliod  of 
and-ear"  observation,  the  basis  of  euch  work  as  we  have 
described,  and  it  is  so  called  from  the  part  which  both  the 
ero  and  the  car  play  in  the  appreciation  of  intervals  of  time. 
The  ear  catches  the  beat  of  the  clock,  the  eye  fixes  the  place 
of  the  star  at  o  ;  at  the  next  beat  of  the  clock,  the  eye  fixes'i 
tbe  star  at  h,  and  subdivides  tbo  space  a  h  into  tenths,  at 
the  same  time  appreciating  the  ratio  which  the  distance 
from  the  thread  to  n  bears  to  the  distance  a  b.  This  is 
recorded  aa  above.  This  method,  which  is  still  used  in 
many  oljaervatories,  was  introduced  by  the  celebrated 
Bbadley,  astronomer  royal  of  England  in  1T50,  and  per- 
fected by  Maskelvne,  his  successor.  A  practiced  observer 
can  note  the  time  within  a  tenth  of  a  second  in  three  cases 
ont  of  four. 

There  is  yet  another  method  now  in  common  use, 
which  it  !a  necessary  lo  understand.  This  is  c.illcd  the 
American  or  chronographic  method,  and  consists,  in  the 
present  practice,  in  the  use  of  a  sheet  of  a  paper  wound 
about  and  fastened  to  a  horizontal  cylindrical  barrel, 
which  is  caused  to  revolve  by  machinery  once  in  one  min- 
ute of  time.     A  pen  of  glass  which  will  make  a  continu- 
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OII8  liiip  h  allowed  to  rest  on  the  paper,  and  to  this  pen 
continnoiis  motion  of  tmnsl&tion  in  the  dinxrtion  of  tbe 
length  of  the  cylinder  is  given.  Now,  if  the  pen  is  allow- 
ed to  mark,  it  is  evident  that  it  will  trace  on  the  paper  an 
endiens  spiral  line.  An  electric  current  is'  caused  to  mn 
throngh  the  observing  clock,  through  a  key  wliich  is  held 
in  the  observer's  hand  and  tlirongli  an  electro- magnet 
connected  with  the  pen. 

A  simple  devi(!e  enables  the  clock  every  second  to  give 
a  slight  lateral  motion  to  the  pen,  which  lasts  about  a 
thirtieth  of  a  second.  Thus  every  second  is  automatically 
marked  by  tbe  clock  on  the  chronograph  paper.  The  ob- 
server also  has  the  power  to  make  a  signal  by  his  key 
(easily  distinguished  from  the  clock-signal  by  its  different 
length),  wliich  is  likewise  permanently  registered  on  the 
sheet.  In  this  way,  after  the  chronograph  is  in  motion, 
the  obser^■er  has  merely  to  notice  the  instant  at  which  tbe 
star  is  on  the  thread,  and  to  press  the  key  at  that  moment. 
At  any  subsequent  time,  lie  must  mark  some  hour,  min- 
ute, and  second,  taken  fi-om  the  clock,  on  the  sheet  at 
appropriate  place,  and  the  translation  of  the  Bpaces 
the  sheet  into  times  may  be  done  at  leisnre. 


!g  e.    GRADTJATES   CIitCI.ES. 


1 


Nearly  every  datum  in  practical  astronomy  depends-' 
either  directly  or  indirectly  upon  the  measure  of  an  angle. 
To  make  the  necessary  measures,  it  is  customary  to  em- 
ploy what  are  called  graduated  or  divided  circles.  These 
are  made  of  metal,  as  light  and  yet  as  rigid  as  possible, 
and  they  have  at  their  circumferences  a  narrow  flat  band 
of  silver,  gold,  or  platinum  on  which  tine  radial  lines 
called  "divisions"  arc  cut  by  a  "dividing  engine"  at 
regnlar  and  equal  intervals.  These  intervals  may  be 
of  10',  5',  or  2',  according  to  the  size  of  the  circle 
and  the  degree  of  accuracy  ^Usired.  The  narrow  band 
is  called  the  divided  limh.  and  the  circle  is  said  to  be  di- 
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vided  to  10',  5',  3'.  The  separate  divigions  are  numbered 
coDsecntivelv  from  0^  to  360°  or  from  0°  to  90°,  etc.  The 
gmda&ted  circle  lias  an  axis  at  its  centre,  iind  to  this  may 
be  allaclied  the  telescope  by  which  t«  ^-iew  tlie  poiuta 
whose  angnlar  distance  is  to  he  dGtcniiincd. 

To  this  centre  is  also  attached  an  arm  which  revolves 
with  it,  and  by  its  motion  past  a  certain  number  of  divi- 
eious  on  tlie  circle,  determines  the  angle  tluough  which  the 
centre  has  tfcen  rotated.  This  ami  is  ciilled  the  index 
arm,  and  it  usually  carries  a  vernier  on  its  extremity, 
by  means  of  which  the  spaces  on 
the  gradnated  circle  are  enbdivided. 
The  reading/  of  the  circle  when  the 
index  arm  is  in  any  position  is  the 
nnmber  of  degrees,  minutes,  and 
seconds  which  correspond  to  that  po- 
sition ;  when  the  index  arm  is  in  an- 
other position  there  is  a  different  I 
reading,  and  the  differences  of  the  two 
readings  .S'—S".  S'^S',  .S"— .S"  arc  th 
which  the  index  arm  has  tnmed. 

The  prwcees  of  measuring  the  angle  l>etw 
by  means  of  a  divided  circle  consists  then  of  pointing  the 
telescope  at  the  first  object  and  reading  the  position  of  the 
index  arm,  and  then  turning  the  telescope  (the  index 
arm  tnming  with  it)  until  it  points  at  the  second  object, 
and  ag^n  reading  the  position  of  the  index  ann.  The 
difference  of  these  readings  is  the  angle  sought. 

T<»  facilitate  the  determination  of  the  exact  reading  of 
the  circle,  we  liavo  to  employ  6i>ecial  devices,  as  the 
ifmier  and  the  retiding  murrogcope. 

The  VBrnier.— Ill  Fig.  34,  J^  JV  is  a  portion  of  the 
divided  limb  of  a  graduated  circle  ;  CD  is  the  index  arm 
which  revolves  with  the  telescope  about  the  centre  of  the 
circle.  The  end  «  J  of  (7  /*  is  also  a  part  of  a  circle  eon- 
oentric  with  M N,  and  it  is  divided  into  n  parts  or  divi- 
uons.     The  lengtli  of  these  n  parts  ifi  so  chosen  that  it  is 
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the  same  as  that  of  {n — 1)  parta  on  the  divided  limh  MS 
or  the  reverse. 

The  first  stroke  a  is  the  sero  of  the  vernier,  and  the 
reading  is  alwavs  determined  by  the  position  of  this  zero 
or  pointer.  If  this  has  revoUed  jjast  exactly  twenty  di- 
yifiions  of  tlio  circle,  then  tlie  angle  to  be  nieasared  is 
^  y.  d,  d  being  the  value  of  one  division  on  the  limh 
{N  M)  in  iir*". 


Call  the  angular  value  of  one  division  un  the  vernier  d'\ 
(n  —  l)d  =  n-d'. ord'  =  — —  -tl, niid  d—d'=~d\ 
d  —  d'  h  called  the  leatt  covnt  of  the  vtrnier  which  ia  one 
«"■  part  of  a  circle  division. 

If  the  zero  a  doea  not  fall  exactly  on  a  division  on  the 
circle,  but  19  at  some  other  point  (as  in  the  figure),  for  ex- 
ample between  two  divisions  whose  niimberB  are  P  and 
(P  +  1),  the  whole  reading  of  the  circle  in  this  position  is 
P  X  d+  the  fraction  of  a  division  from  P  to  a. 

If  the  wi"'  division  of  the  vernier  is  in  the  prolongation 
of   a  division  on  the  limb,  then  this  fraction   Pn  U  tn 
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(d  -</')=  ~-d.  In  the  SgurH  n  =  10.  and  as  the  ItE 
division  ift  ulrnoet  exactly  in  coincidence,  m  =  4,  eo  thai 
llie  whole  reading  of  the  circle  k  Pxd  +  ir  ■  d.  \idl^ 
10',  for  example,  and  if  the  division  P  is  nimibured  2 
40',  then  this  reading  would  be  297°  44',  the  least  coiiol 
being  1',  and  BoinothcrcuscB.  If  the  zero  had  started  from 
tlie  reading  280°  20',  it  must  have  moved  past  17°  i!4'J 
and  this  is  the  angle  which  has  been  raeaeured. 

§  6.    THE   HERIDIA17  CIKCIiE. 


The  meridian  circle  ie  a  coinhination  of  the  transit  la^ 
etmmcnt  with  a  graduated  circle  fastened  to  its 
moving  with  it.     The  meridian  circle  made  by  Repsoi 
for  the  United  States  Naval  Academy  at   Annapolis   ii 
shown  in  tlie  fignro.     It  has  two  circles,  c  c  and  c'  c',  finel; 
divided  on  their  sidcB.     The  graduation  of  each  circle  il 
viewed   by   fonr  microscopes,  two  of   which,  li  H,   ai 
shown  in  the  cut.     The  microscopes  are  90°  apart.     TI 
cnt  shows  also    the  hanging  level    L  L,  by   which   the 
error  of  level  of  the  w(.k  A  A  \^  fonnd. 

The  inatrnment  can  be  used  as  a  transit  to  determh 
riglit  ascensions,  as  before  described.  It  can  be  ali 
to  measnre  declinations  in  the  following  way.  If  the  tele- 
scope is  pointed  to  the  nadir,  a  certain  division  of  the  cir- 
cles, as  jV.  is  under  the  first  microscope.  If  it  is  pointed 
to  the  pole,  the  reading  will  change  by  the  angular  distance 
between  the  nadir  and  the  pole,  or  by  90°  -f-  0,  0  being 
the  latitude  of  the  place  (supposed  to  be  known).  TI 
polar  reading  P  is  thus  known  when  the  nadir  readi 
N  is  found.  If  the  telescope  is  then  pointed  to  various 
stars  of  auknown  polar  distances,  p',  p'\p"',  etc.,  as  they 
sncceesively  cross  the  meridian,  and  if  the  circle  readings 
for  these  stars  are  P",  P'\  P"' ,  etc. ,  it  follows  that 
p'=P'~P-  p-  =  P"  ~  p;  y"  ^  p-  -  p. 


lee  

^h«^H 


84 


AtilBONOMY. 


FlO.   86. — THB  MERIDIAN  CIBCXJB, 


THK  MBntDtAN  CIRCLE. 


To  determine  tlie  readingi  /*,  P",  F\  etc.,  we  u»e  the  micro- 
■copes  A,  R,  «tc.  The  observer,  after  having  set  tlie  tcleHCope  so 
that  ouc  of  tbe  sUra  shBl)  crusa  tlie  field  of  vien  exactly  at  its  cen- 
tre (which  may  be  here  marked  by  a  eiugle  horizontal  thread  in 
ihe  reticle),  goes  to  ciich  of  tlie  microscopes  in  siiccession  and 
pkces  his  eye  at  -I  (see  Fig.  1,  jiiige  80).  He  sees  in  the  field  of  the 
microM.-o|>c  the  iinagc  uf  the  dlvisiouB  of  the  graduated  scale  (Fig.  2) 
fnrmed  at  D  (Fig.  1},  the  cotiinion  focus  of  the  lenses  A  and  f. 
Just  at  that  focus  is  placed  a  notched  scjile  (Fig.  2)  and  two  i 
crossi-d  Kpider  lines.  These  lines  are  fixed  to  a  sliding  frame  a  a. 
which  can  be  moved  by  turning  the  graduated  head  F.  This  hiwl 
i»  divided  usually  into  uxty  parts,  each  of  which  is  1''  of  arc  on 
the  circle,  otic  whole  revolution  of  the  head  serving  to  move  thu 
tliding  frnme  ii  a,  ntid  its  crossed  wires  through  60"  or  1' on  the 
graduated  circle.  The  notched  scale  !»  not  movable,  but  serves  to 
count  the  numlMir  of  complete  revolutions  made  by  the  screw,  thcrt^ 
being  one  notch  for  encli  revolution.  The  index  i  (Fig,  2)  ia  fixed, 
and  s«rves  to  count  the  number  of  purts  of  F  which  are  cnrricd  past 
it  by  tlie  revotutioii  of  this  head. 

If  on  setting  the  crossed  thrcndi  ul  the  centre  of  the  motion  of 
F,  and  looking  into  the  microscope,  a  division  on  the  circle  coin- 
cidcfl  with  the  cro^  the  reading  of  the  circle  P  is  the  exact  num- 
bCT  of  degrees  and  minutes  eorrcs[)onding  to  that  particular  divi- 
■ion  on  the  divided  circtp. 

Usually,  however,  the  crosn  has  been  apparently  carried  f<ut  one 
of  the  exact  divisions  of  the  circle  by  a  <'crtBin  qunatity,  which  ia 

r  to  be  measured  and  added  to  the  reading  corrcsjionding  to 
this  adjacent  division.  This  measure  cnn  be  made  by  turning  the 
screw  back  say  four  revolutions  (measured  on  the  notched  scale) 
flu*  ilT-3  ]iarts  (measured  by  the  index  i).  If  the  division  of  the 
circle  in  oiiestion  was  179' 30',  for  example,  the  complete  rending 
would  be  in  this  case  17S"  50'  +  4' 87' -3  or  170°  54'87"-3.  Such 
a  reading  is  made  by  each  microscope,  and  the  mean  of  the  min- 
ntes  and  seconds  from  all  four  taken  as  the  circle  reading. 

Te  now  know  how  to  obtain  the  readings  of  our  circle  when 

;cted  to  any  point.  We  require  some  lero  of  reference,  as 
the  nadir  reading  (^),  Ihe  polar  reading  (P),  the  equator  reading, 
(^.  or  the  zenith  rending  fZ).  Any  one  of  these  being  known,  the 
circle  readings  for  any  stars  as  P.  l",  P"",  etc.,  can  be  turned  into 
polar  distances  p',  p',  p'".  etc. 

The  nadir  reading  (.V)  is  the  z.ero  commonly  employed.  It  can 
be  determined  liy  pointing  the  telescope  vertically  downward  at 
«  basin  of  mercury  placed  immediately  liencath  the  instrument,  and 
turning  the  whole  instrument  about  the  nils  until  ihc  middle  wire 
of  the  reticle  seen  directly  exactly  coincides  with  the    image  of 

I  wire  seen  hy  teflcclion  from  the  fiurfaro  of  the  quicksilver. 
When  this  is  the  case,  the  telcsco|K  is  vertical,  as  can  be  easily 
•«en,  and  the  nadir  reading  mny  be  found  from  the  circles. 
The  meridinn  circle  thus  serves  to  determine  both  the  riffht  ascen- 

I  and  declination  of  a  given  star  at  the  snme  culmination.  Zone 
observations  are  made  witli  it  by  elnmping  the  telescope  in  one 
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direction,  and  observing  successive!;  the  atars  which  pass  throui 
iu  field  of  view.  It  is  oy  this  rapid  method  of  observitig  that  tl 
Ui^iest  catalogues  of  stara  have  Wen  formed. 

§  7.    THE  EQUATOBIAL. 


To  complete  tlie  eDnineration  and  description  of  the 
principal  ingtrnmente  of  astronomy,  we  require  an  account 
of  the  equatorial,.  This  term,  properly  speaking,  refers 
to  a  form  of  mounting,  but  it  is  commonly  used  to  in- 
clnde  both  monating  and  telescope.  In  this  class  of 
inetntments  the  object  to  be  attained  is  in  general  the 
ea«y  finding  and  following  of  any  celestial  object  whose 
apparent  place  in  the  heavens  is  known  by  its  right  as- 
cension and  declination.  The  equatorial  mounting  con- 
sists essentially  of  a  pair  of  axes  at  right  angles  to  each 
other.  One  of  these  S  N  (the  polar  aods)  is  directed  to- 
ward the  elevated  pole  of  the  heavens,  and  it  therefore 
makes  an  angle  with  the  horizon  equal  to  the  latitude  of 
the  place  (p.  21).  This  axis  can  be  turned  ahout  its  own 
axial  line.  On  one  extremity  it  carries  another  a.\is  1.  D 
(the  destination  axis),  which  is  fixed  at  right  angles  to  it, 
but  which  can  again  be  rotated  about  iia  axial  line. 

To  this  last  axis  a  telescope  is  attached,  which  may 
either  be  a  reflector  or  a  refractor.  It  is  plain  that  such  a 
telescope  may  be  directed  to  any  point  of  the  heavens  ; 
for  we  can  rotate  the  declination  axis  until  the  telescope 
points  to  any  given  polar  distance  or  declination.  Then, 
keejnng  the  telescope  fixed  in  respect  to  the  declination 
axis,  we  can  rotate  the  whole  instrument  as  one  mass 
abont  the  polar  axis  until  tlie  telescope  points  to  any  por- 
tion of  the  parallel  of  declination  defined  by  the  given 
right  ascension  or  hour-angle.  Fig.  37  is  an  equatorial  of 
dx-inch  aperture  which  can  be  moved  from  place  to  place. 

If  we  point  such  a  telescope  to  a  star  when  it  is  rising 
(doing  this  by  rotating  the  telescope  first  abont  its  decli- 
nation axis,  and  then  aboat  the  polar  axis),  and  fix  the 
telescope  in  this  position,  we  can,  by  simply  rotating  the 
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whole  apparatus  on  the  polar  asis,  cause  the  telescope  to  ^^k 
trace  ont  on  the  celestial  sphere  the  apparent  dinmal  path 
wUch  this  star  will  appear  to  follow  from  rising  to  set- 
ting.    In  such  ttslescopes  a  driving- clock  is  so  arranged 
that  it  can  turn  the  telescope  ronnd  the*  polar  axis  at  the    ^m 
same  rate  at  which  the  earth  itself  turns  about  its  own  axia  ^^ 
of  rotation,  but  in  a  contrarv  direction.     Hence  such  n  ^H 
telescope  once  pointed  at  a  star  will  continue  to  point  at  it  ^H 
as  long  as  the  driviog-clock  is  in  operation,  thus  enabling  .^H 
the  astronomer  to  observe  it  at  liis  leisure.                              ^H 

■ 

H 
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Every  equaton 
has  a-JOar  mUn 
the  rending  micr 
are  pamll^. 

Afigur*of  th 
the  ^res  is  fixe 
mesaure  the  dis 
fixed  wire)  b  j 
placed  oa  B.     T 
of  tbe  screw  i»  n 
in  coincidence, 
Unce  ABiaeaa. 
b*r  of  revolution 
»miiator  over  the 
•lar  W  more  ove 

88.— HEASCRLMENT   OF   POSITION- AK 

ai  telescope  intended  for  mnking 
meter,  which  is  precisely  the  siim* 
oscope  in  Fig.  2,  page  88,  except  t 

3  instrument  is  gi^-en  in  Fig.  3,  pi 
d   and  the   other  is   movable  by 
tance  apart,  of  two  objects  A  an 
laced  un  A  and  wire  3  (movable 
he  number  of  rovolutions  and  part. 
oted,  say  t0'-867  ;  then  wires   I   a 

al  to  8'.  134.     Placing  wires  I  and 
a  apart,  we  may  observe  the  transiti 
m  :  and   from  the  interval  of  time 
r  aay  (ifly  revolutiona,  the  value  of 
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1  distances  tneoaiired  in 


it  known,  and  can  nlwajs  be  used  t 
revolutions  to  distances  in  time  or  mc. 

By  tlie  filar  micrometer  we  Piia  determine  tiic  distance  apart  in 
wcnnds  of  arc  of  an;  two  stars  A  ami  B.  To  completely  fix  the 
reklive  position  of  .4  and  B,  we  require  not  only  this  distance,  but 
also  the  angle  which  the  line  A  D  mukts  with  BOtne  fixed  direction 
in  space.  We  assume  ns  the  Qxed  direction  that  of  the  meridian 
passing  through  A,  Suppose  in  Pig.  3ij  .4  and  i!  to  be  two 
stnrs  visible  in  the  fitld  of  the  equatorial,  The  clock-work 
ia  detached,  and  by  tlie  diurnni  motion  of  the  earth  the  two 
stars  win  cross  the  field  slowly  in  the  dirertioa  of  the  parallei  of 
decliuaiion  passing  through  A,  or  in  the  direction  of  the  arrow  in 
the  Bgiire  from  E.  to  W.,  cost  lo  west.  The  filar  micrometer  is  con- 
structed go  that  it  can  be  rotated  bodily  about  the  axis  of  the  tele- 
scope, anil  n  graduated  circle  measures  the  amount  of  this  rotation. 
The  micrometer  is  then  rotated  until  the  bTaf  A  will  pass  along 
one  of  its  wires.  This  wire  marks  the  direction  of  the  parallel. 
The  wire  perpendicular  to  this  is  then  in  the  meridinn  of  the  star. 

The  ponlion  angle  of  B  with  respect  to  A  is  then  the  angle  which 
A  B  makes  with  the  meridian  A  S  passing  through  A  toward  the 
north.  It  is  zero  when  B  is  north  of  A.  W°  when  B  is  east,  180 
when  B  is  south,  and  370'  when  B  is  west  of  A,  Knowing  p,  the 
position  angle  (^.V  A  B\n  the  fi^re),  and  »  (A  B)  the  distance  of  B, 
we  can  find  the  difference  of  right  ascension  (&  n),  and  the  differ- 
ence of  declination  ( A''.l  of  B  from  A  by  the  formulae, 

id  and  aJ,  we  can  deduce  «  and  p  from 
tngle  p  is  measured  while  the  clock-work 
centre  of  the  field. 


Conversely  ki 
these  formulie. 
keeps  the 


A  in  th( 


g  8.    THE    ZENITH    TELESCOPE. 

The  accompanying  figure  gives  a  view  of  the  xenith  telescope  in 
the  form  in  which  it  is  used  by  the  United  States  Coast  Survey,  tt 
consists  of  a  vertical  pillar  which  supports  two  Ya.  In  these 
rests  the  horizontal  axis  of  the  instrument  which  carries  the  tele- 
scope at  one  end,  and  a  counterpoise  at  the  other.  The  whole  in- 
strument can  revolve  180°  in  azimuth  about  this  pillar.  The  tele- 
scope has  a  micrometer  at  its  eye-end,  and  it  also  carries  a  divided 
circle  provided  with  a  fine  level.  A  second  level  is  provided, 
whose  use  is  to  make  the  rotation  axis  horizontal.  The  peculiar 
features  of  the  zenith  telescope  are  the  divided  circle  ana  its  at- 
tached level.  The  level  is.  as  shown  in  the  cut,  in  the  plane  ol 
motion  of  the  telescope  (usually  the  plane  of  the  meridian),  and  it 
can  be  independently  ro,tated  on  the  axis  of  the  divided  circle,  and 
set  by  means  of  it  to  any  angle  with  the  optical  axis  of  the  telescope. 
The  circle  is  divided  from  zero  (0°)  at  its  lowest  point  to  fK>°  in 
each  direction,  and  is  firmly  attached  to  the  telescope  tube,  and 
moves  with  it. 

By  setting  the  vernier  or  index-arm  of  the  circle  to  any  degree 
and  minut«  as  -i,  and  clamping  it  there  (the  level  moving  with  it). 
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nnd  then  rotntiog  the  telescope  and  the  whole  ejstem  about  the 
horizontal  a^h  until  the  bubble  of  the  level  is  in  the  centre  of  the 
level-tube,  the  asis  of  the  telescopes  will  be  directed  to  the  Tenitli 
distance  a.  The  filar  micrometer  is  so  arljusted  that  a  motion  of  its 
screw  measures  diSercnces  of  zenith  distance.  The  use  of  the  ze- 
nith telescope  is  for  determininR  the  latitude  bj  Tai.cott's 
method.  The  Iheor;  of  this  operation  has  been  already  given  on 
page  4S.  A  description  of  the  actual  process  of  observation  will 
illustrate  the  excellences  of  this  method. 

Two  stars,  A  and  B,  are  selected  beforehand  (from  Star  Cata- 
logues), which  culminate,  A  south  of  the  zenith  of  the  place  of  ob- 
servation, B  north  of  it.  They  are  chosen  at  nearly  equui  zenith  dis- 
tances f  and  i*,  and  lo  that  h^i'  is  less  than  the  breadth  of  the 
field  of  view.  Their  rieht  ascensions  are  also  chosen  so  as  to  be  about 
the  same.  The  circle  is  then  set  to  the  mean  zenith  distance  of  the 
two  stars,  and  the  telescope  is  pointed  so  that  the  bubble  is  nearly  in 
the  middle  of  the  level.  Suppose  the  right  ascension  of  .i4  is  the 
smaller,  it  will  then  culminate  first.  The  telescope  is  then  turned 
to  the  south.  As  A  passes  near  the  centre  of  the  field  its  distance 
from  the  centre  is  measured  by  the  micrometer.  The  level  and 
micrometer  are  rend,  the  whole  instrument  is  revolved  180",  and 
star  S  is  observed  in  the  same  way. 

By  these  operations  we  have  detcrmioeii  the  difference  of  the 
zenith  distances  of  two  stars  whose  declinations  i<*  and  A*  are 
known.     But  #  being  the  latitude, 

t  =  "i"  -^  i*  and  ?=')"  —  f",  whence 

*  =  J  (d*  +  d')  +  J  ,;'  _  J"). 

The  first  term  of  this  is  known  ;  the  second  is  measured  ;  so  that 
each  pair  of  stars  so  observed  gives  a  value  of  the  latitude  which 
depends  on  the  measure  of  a  very  small  arc  with  the  micrometer, 
and  OS  this  arc  can  be  measured  with  great  precision,  tiie  exactness 
of  the  determination  of  the  latitude  is  equally  great. 

g  g.    THE   SEXTAKT. 

The  sextant  is  a  portable  instrument  by  which  the  altitudes 
of  celestial  bodies  or  the  angular  distances  between  tbem  may 
be  muMund.  It  is  used  chiefly  by  navigators  for  determining  the 
latitude  and  the  local  time  of  the  position  uf  the  ship.  Knowing 
the  locnl  time,  and  comparing  it  with  a  chronometidr  regulated  on 
Greenwich  time,  the  longitude  becomes  known  and  the  ship's  place 
is  fixed. 

It  consists  of  the  arc  of  a  divided  circle  ufually  60'  in  eiteni, 
whence  the  name.  This  arc  is  in  fact  divided  into  120  equal  parts, 
each  marked  as  a  degree,  and  these  are  again  divided  into  (irualler 
■paces,  so  that  by  means  of  the  vernier  at  the  end  of  the  index-arm 
MSmaia  of  10*'  (usually)  may  be  read. 

The  indf^-am  M  8  carries  the  inditi-glatt  if,  which  is  a  silvered 
plane  mirror  set  perpendicular  to  the  plane  of  the  divided  arc.  The 
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(and  th«  index-glass  with  it),  so  that  ik  heum  of  light  from  thia 
•econd  object  shsll  strike  the  iDdeX'glass  at  the  proper  angle,  there 
to  be  reflected  to  the  horir.on-glass,  and  again  reflected  down  tha  i 
tele«cope  E.     Thus  the  iioagea  of  any  two  objects  in  the  plane  of  ] 
the  seltant  maj  be  bmught  together  in  the  telescope  by  riev"'"~ 
ono  directly,  and  the  other  bj  reflection. 

The  principle  upon  which  the  Huxtnnl  depends  is  the  following,  ta 
which  IS  proved  in  optical  works.  The  angle  hetmten  thejlrtt  ani  I 
the  latt  dir*itiim  nf  n  rny  whirh  hiut  nijferwi,  tini  rgfitetvm*  in  ttit .     "" 
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plnnr  in  equal  to  tiriee  the  ittigU  uihieh  the  tiro  T^fleetinff  nirfiseet  matt 
trilh  rneh  other. 

Iti  llic  figure  S  A  ia  the  ray  incident  upon  A,  and  thiB  ray  ia  bj 
reflection  brought  to  tlie  rtirection  B  B.  flie  theorem  declsres 
that  the  angle  BE  Sis  equal  to  ttrice  D  C  B.  or  twice  the  angle  of 


the  mirrors,  since  B  f)  and  D  C  are  perpendicular  to  B  and  A. 
measure  the  altitude  of  a  star  (or  the  saa)  at  sea,  the  Bextoot  is  held 
in  the  hand,  and  the  telescope  is  (Minted  to  the  sea-horizon,  which 
appears  like  a  definite  line.  The  indei-ann  is  then  moved  until 
the  reflected  image  of  the  aun  or  of  the  star  coincides  with  the 
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image  of  the  sea-horizon  seen  directly.  When  this  occurs  the  time 
is  to  be  noted  from  ii  rhronometer.  If  a  star  is  observed,  the  read- 
ing of  tht  divided  limb  gives  the  altitude  directly;  if  it  is  the 
sun  or  moon  which  has  been  observed,  the  lower  limb  of  these  K 
brought  to  coineide  with  the  horizon,  and  the  altitude  of  the  centrr 
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is  found  by  applying  the  semi-diameter  as  found  in  the  Nautical 
Almanac  to  tho  observed  altitude  of  the  limb. 

The  angular  distance  apart  of  a  star  and  the  moon  can  be  meas- 
ured by  pointing  the  telescope  at  the  star,  revolving  the  whole  sex- 
tant about  the  sight-line  of  the  telescope  until  the  plane  of  the  di- 
vided arc  passes  through  both  star  and  moon,  and  then  by  moving 
the  index-arm  until  the  reflected  moon  is  just  in  contact  with  the 
star's  image  seen  directly. 

On  shore  the  horizon  is  broken  up  by  buildings,  trees,  etc.,  and 
the  observer  is  therefwe  obliged  to  have  recourse  to  an  artificial 
koTuon^  which  connsts  usually  of  the  reflecting  surface  of  some 
liquid,  as  mercmr,  contained  in  a  small  vessel  A^  whose  upper 
surface  is  neceasanly  ^rallel  to  the  horizon  D  AC.  A  ray  of  light 
S  A^  from  a  star  at  8^  incident  on  the  mercurv  at  A^  will  be  reflected 
in  the  direction  A  J7,  making  the  anfflo  8  A  C  =  C  A  8^  {A  ff  be- 
ing E  A  produced),  and  the  reflected  image  of  the  star  will  appear 
to  an  eye  at  J7  as  far  below  the  horizon  as  the  real  star  is  above  it. 
With  a  sextant  whose  index  and  horizon -olasses  are  at  /and  H^  the 
ansrle  8  B  8  may  be  measured  \h\ki  8S  8  =  8  A  8  —  A  8  E, 
and  U  A  BiA  exceedingly  small  as  compared  with  ^1  iS,  as  it  is  for 
all  celestial  bodies,  the  angle  A  8  E  may  be  neglected,  and  8  E  ff 
will  equal  8  A  8^,  or  double  the  altitude  of  tlie  object :  hence  one 
half  the  reading  of  the  instrument  will  give  the  apparent  altitude. 


CHAPTER  III. 

MOTION    OF    THE    EARTH. 

§  1.    ANCIENT  IDEAS  OF  THE  PLANETS. 

It  was  observed  by  the  ancients  that  while  the  great 
mass  of  the  stars  maintained  their  positions  relatively  to 
each  other  not  only  during  each  diurnal  revolution,  but 
month  after  month  and  year  after  year,  there  were  visi- 
ble to  them  seven  heavenly  bodies  which  changed  their 
positions  relatively  to  the  stars  and  to  each  other.  These 
they  called  planets  or  wandering  stars.  Still  calling  the 
apparent  crystalline  vault  in  which  the  stars  seem  to 
be  set  the  celestial  sphere,  and  imagining  it  as  at  rest, 
it  was  found  that  the  seven  planets  performed  a  veiy 
slow  revolution  around  the  sphere  from  west  to  east, 
in  periods  ranging  from  one  month  in  the  case  of  the 
moon,  to  thirty  years  in  that  of  Saturn.  It  was  evident 
that  these  bodies  could  not  be  considered  as  set  in  the 
same  solid  sphere  with  the  stars,  because  they  could  not 
then  change  their  positions  among  the  stars.  Various 
ways  of  accounting  for  their  motions  were  therefore  pro- 
posed. One  of  the  earliest  conceptions  is  associated  with 
the  name  of  Pythagoras.  He  is  said  to  have  taught  that 
each  of  the  seven  planets  had  its  own  sphere  inside  of  and 
concentric  with  that  of  the  fixed  stars,  and  that  these 
seven  hollow  spheres  each  performed  its  own  revolution, 
independently  of  the  others.  This  idea  of  a  number  of  con- 
centric solid  spheres  was,  however,  apparently  given  up 
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wtilioiit  am-  tiiie  having  uketi  the  trouMt  tu  rufute  it  by 
iirguiiient.  Although  at  first  sight  pkueible  enough,  a 
close  examination  would  ehow  it  to  be  entirely  inconsis- 
tent with  the  obcen-ed  facts.  Tlie  id<a  of  the  fixed  stare 
being  set  in  a  solid  sphere  was,  indeed,  in  seemingly 
perfect  accord  with  their  diumal  revolution  as  observed 
by  the  naked  eye.  But  it  was  not  bo  with  llie  planets. 
The  latter,  after  continued  observation,  were  found  to 
move  sometimes  backward  and  sometimes  forward  ;  and 
it  was  quite  evident  that  at  certain  periods  they  were 
nearer  the  earth  than  at  other  periods.  These  motionB 
were  entirely  inconsistent  with  the  theory  that  tliey  were 
fixed  in  sob'd  spheres.  Still  the  old  languagecontinncd  in 
use—the  word  sphere  meaning,  not  a  solid  body,  but  the 
space  or  region  witldn  whicli  the  planet  moved. 

These  several  conceptions,  iia  well  as  those  which  fol- 
lowed, were  all  steps  towanl  the  truth.  The  planets  were 
rightly  considered  as  loKlics  uiMrer  to  us  tlmu  the  fixed 
Btjuv.  It  was  also  rightly  judged  thut  those  which  moved 
moet  slowly  were  tlie  most  distant,  and  thus  their  order  of 
distance  from  the  eurtli  wus  cori-cctly  given,  except  in  the 
CMC  of  Mercury  aud  VfUiu. 

We  now  know  that  thesu  seven  planets,  together  with 
the  earth,  and  a  number  of  other  bodies  which  tlie  tele- 
'scopo  has  made  known  to  us,  form  a  family  or  system  by 
themselves,  the  dimeneious  of  whicli,  although  inconeeiv- 
|»bly  greater  than  any  which  we  have  to  deal  with  at  the 
sarface  of  tlie  earth,  are  quite  insignificant  when  corn- 
spared  with  the  distftuce  which  separates  ns  from  the  fixed 
•tarB.  The  sun  being  the  great  central  body  of  this  sys- 
tera,  it  is  called  the  Solar  System.  It  is  to  the  motions  of 
its  several  bodice  and  the  conaequence-s  which  How  from 
them  that  the  attention  of  the  reader  is  directed  in  the 
following  chapters.  Wc  premise  thut  there  are  now  known 
'to  be  eight  large  planets,  of  which  the  earth  is  the  third 
in  the  order  of  tiistance  from  the  sun,  and  that  these 
i)»udiea  kII   perform  a  regular  revolution  ai-ound  the 
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Mercury,  tlic  iieai-eet,  perforins  its  revolution  in  tlirer 
montiis  ;  Neptune,  the  fartliest,  ui  164  years. 

First  in  importance  to  us,  among  the  heavenly  bodies 
wbicli  we  see  from  the  earth,  stands  the  snn,  the  snpporter 
of  life  and  motion  upon  the  earth.  At  first  sight  it  might 
eeem  curious  that  the  snn  and  seeming  stars  like  Mart 
and  Saturn  should  hare  lieen  olaseilied  together  as  planets 
by  the  ancients,  while  the  iixefl  stars  were  considered  as 
forming  another  t^lass.  That  the  ancients  were  aoite 
enough  to  do  this  tends  to  impress  us  with  a  favorable 
sense  of  the  scientitic  character  of  their  intellect.  To  any 
but  the  most  careful  tbeoiists  and  observers,  the  star-litcc 
planets,  if  we  may  call  them  so,  would  never  have  seemed 
to  belong  in  the  same  class  with  the  sun,  but  r&tlier  in 
that  of  the  stars  ;  especially  when  it  was  found  Cltat  they 
were  never  visible  at  the  same  time  with  the  eon.  But 
before  tlie  times  of  which  v;e>  have  any  historic  record, 
there  were  men  who  saw  that,  in  a  motion  from  west  tu 
east  among  the  fixed  stars,  these  several  bodies  showed  a 
common  character,  which  was  more  essential  in  a  tbeorv 
of  tile  univeree  than  their  immense  differences  of  aspect 
and  Instre,  stril^ing  tlmitgli  these  were. 

It  must,  however,  be  remcmlicred  that  we  no  longer 
consider  the  sun  )is  a  planet.  We  have  modified  tlie  an- 
cient system  by  making  the  sun  and  tbe  e&rtb  change 
places,  80  that  tlie  latter  is  now  regarded  as  oue  of  the  eight 
large  planets,  while  the  former  has  taken  tbe  place  of  the 
earth  as  the  central  body  of  the  system.  In  consequence 
of  the  revolution  of  tbo  planets  roimd  tbe  sun,  each  of 
them  seems  to  perform  a  corresponding  circuit  in  the 
heavens  around  the  celestial  sphere,  when  viewed  from 
any  other  planet  or  from  tlie  earth. 

g  a.    AJTNTJAL  EEVOLUnOW  OP  THE  EAHTH. 

To  iiii  (iliKcrver  od  the  earth,  the  sun  seems  to  perform  an 
annual  revotution  among  tbe  stare,  a  fact  wliicli  has  lieeii 
known  from  early  ages.     We  now  know  that  this  motion 
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nnd  the^^H 
I  revoln-  ^^^ 


I  doo  to  the  animal  revoltition  of  tlie  earth  ronnd 
tt  is  to  tlie  nature  mid  effects  of  ihis  annual 
tinn  of  the  earth  that  tlie  attention  of  the  reader 
diructetl.  Our  &«t  lesson  is  to  show  the  relatiuns  between 
Fit  and  tlie  correeponding  aiiparent  revolution  of  the  sun, 
which  is  it8  counterpart. 

In  Fig.  43,  \vt  S  repreflcnt  the  swn,  A  BCD  the  orbit 
of  tl>e  earth  around  it,  and  EFO  If  \he  eplierc  of  the 


fixed  stare.  This  sphere,  being  supposed  infinitely  dis- 
tant, mnat  be  considered  as  inlinitcly  larger  than  the  circle 
A  B  G  D.  Suppose  now  that  1,  2,  3,  4,  5,  6  b 
number  of  consecutive  positioiut  of  the  enrth.  The  line 
Indrawn  from  the  sun  to  the  earth  in  the  first  position  is 
called  the  radiiis  vector  of  the  earth.  Suppose  this  lina 
extended  infinitely  so  us  to  meet  the  celestial  sphere  in 
tlie  point  1'.     It  is  evident  that  to  an  observer  on  tlte  ^ 
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eartli  at  1  the  enn  will  appear  projectpi]  on  tlie  spliore 
in  the  dii-L'ction  of  1'.  AVlicn  tlie  cartli  readies  2,  it 
will  appear  in  the  ilirtTfion  of  3',  and  so  on.  In  other 
words,  aa  ttio  cartli  revolves  aroimd  the  biih.  the  lattvr 
will  eectii  to  i>erfonn  a  revolution  among  the  fixed  stiirs, 
wliicli  ari)  iiniituiiEelv  more  distant  than  itself. 

It  is  also  evident  that  the  point  in  whicli  theonrtli  would 
he  projected,  if  viewed  from  the  eim,  is  aiwuvs  exactly 
oppo&ite  that  in  which  the  snn  appears  as  projected  from 
the  earth.  Moreovcri  if  the  eartli  moves  more  rapidly  in 
eome  jtoints  of  its  orlnt  tlian  in  others,  it  is  evident  that 
the  Btm  will  also  appear  to  move  more  r.vi>idly  among  the 
Gtar^,  and  tliat  the  two  motions  mitst  always  accuntely 
correspond  to  each  other. 

The  radins  vector  of  the  eartli  in  ita  annnal  conree  de- 
srriljos  a  plane,  wliicli  in  the  figure  may  be  represented  hy 
that  of  the  p'.iper.  This  plane  continued  to  infinity  in 
every  cUi-uctiou  will  cut  the  celestial  sphere  in  a  great  cir- 
clo  ;  and  it  is  evident  that  the  sun  will  .tlways  appear  to 
move  in  this  circle,  Tlie  plane  and  thocirele  are  indiffer- 
ently tentiod  the  oeliptic,  Tlie  plane  of  the  ecliptic  is 
generally  taken  as  the  fiindameiitul  one,  to  which  the  po- 
sitions of  all  the  hudies  in  the  solar  sy stem  arc  referred. 
By  the  fundamental  principles  of  Bpherical  trigmiometry,  it 
divides  the  eelesti.ilspiit're  into  two  cfiual  parts.  In  think- 
ing of  the  celestial  motions,  it  iacouvenient  to  cx^nccive  of 
tliis  plane  as  horizontal.  Then  if  we  driw  a  vcrtieal  lino 
throngli  the  snn  at  right  angles  to  this  plane  (pcrpen- 
dicnlar  to  the  ]>laiie  of  the  paper  nn  which  the  lignre  is 
represented),  the  point  :it  whieh  this  line  intersects  the 
celestial  sphere  will  be  the  pole  of  the  ecliptic.  Thia 
point  is  situated  in  the  eonstellatiim  Dnux),  and  has  an  ex- 
tremely slow  motion  of  about  half  a  second  a  year,  owing 
to  a  change  tii  the  position  of  tiic  t'cliptie  to  l>e  hereafter 
deecribcd. 

I-et  ns  now  stndy  the  ap[>.irent  niinnal  revohition  of  the 
eiiit  produced  in  the  way  jnst  mentioned.     One  result  of 
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this  motion  is  probably  familiar  to  every  re^er,  in  tlw 
differeat  constellations  wliic 1 1  are  seen  at  different  times  of^ 
tlie  year.     Let  us  take,  for  example,  the  briglit  star  Ald&- 
haran-,  wliicb,  on  a  winter  evening,  we  may  see  north- 
west  of  Orion.     Near  the  end  of  February  tliia  star  crosses   i 
the  meridian  about  six  o'clock  in  the  evening,  and  sets  ' 
about  midnight.     If  we  watch  it  niglit  after  night  through   , 
the  montlis  of  March  and  April,  we  shall  find  tliat  it  is  far- 
ther and  farther  toward  the  west  on  each  successive  even- 
ing at  tlie  same  honr.     By  the  end  of  April  we  shall  bare- 
ly be  able  to  see  it  about  the  close  of  the  evening  twilight.  J 
At  the  end  of  May  it  will  be  so  close  to  tlie  sun  aa  to  be  I 
entirely  invisible.     This  shows  that  during  the  months  v 
have  been  watohing  it,  the  sun  has  been  approaching  the  A 
star  from  the  west.     If    in   July  wc  wateh   the  eaetem 
horizon  in  tho  early  moming.  wc  shall  see  this  star  rising   | 
before  tho  sun.      The  sun   has  thci-efore  jh-Lsscd  by  the 
etar,  and  is  now  east  of  it,     At  the  end  of  Noveinlter  we 
will  lind  it  rising  at  sunset  and  setting  at  sunrise.     The 
Kiin  is  tlierefore   directly  op|)osite  the  star.    Dnriiig  the   i 
winti^r  months  it  approaches  it  again  frmn  the  west,  and 
paseeA  it  about  the  end  of  May,  as  bi'forc,     Any  other 
■tar  south  of  tho  zenith  shows  a  similar  change,  since  the 
relative  positions  of  the  stars  do  not  vary. 

g  9.    THE    aUTT'S    APPASENT   PATH. 

It  is  evident  that  if  the  apparent  path  of  tho  snn  lay  in   > 
the  equator,  it  wonld,  dnring  tho  entire  year,  rise  exactly 
in  the  east  and  set  in  the  west,  and  would  always  cross 
the   meridian    at   the   same   altitude.       The    days  would 
always  be  twelve  hours  long,  for  the  sanie  reason  that  a 
etar  in  the  equator  is  always  twelve  honra  above  the  hori- 
zon and  twelve  hours  below  it.     Bnt  we  know  that  this   i 
is  not  the  case,   the  sun  being  sometimes  north  of  the   j 
equator  and  sometimes  south  of  it,  and  therefore  having  ' 
a   motion    in    doctination.       To   understand  this  motion, 
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If  we  lay  these  ]tositioi»s  down  on  a  (.'hart,  we  shall  find 
them  to  be  as  in  Fig.  44,  tlie  i-entre  of  tlie  sun  being 
south  of  the  equator  in  the  first  two  poeitioue,  and  nortli 
of  it  in  the  last  two.  Joining  the  auecesBive  positions  by 
a  line,  we  shall  have  a  small  portion  of  the  apparent  path 
of  the  sun  on  the  celestial  sphere,  or,  in  other  words,  a 
small  part  of  the  echptic. 

It  is  flear  from  tlie  observations  and  the  figure  that  the 
Bun  crossed  the  equator  between  six  and  seven  o'clock  on 
tlie  afternoon  of  March  20th,  and  therefore  that  the  eqna- 
tor  and  ecliptic  intersect  at  the  point  where  the  sun  was  at 
that  hour.     This  point  is  called  the  vernal  equiruyx,  the 
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word     indicating    tlie    Beatfon,     while     the 

the   equality   of   tLe 

JP-mnd  days   which  occurs 

e  Bun  is  on  the  etjuator. 

It  will  he  remembered  that  tin's 

eqninox  is  the  point  from  which 

right  ascensions  nre  counted  in 

the  hcareuB  in  the  Bnme  way 

that  longitudes  on  the  earth  are 

connted    from    Greenwich    or 

"Waflhington.     The   sidereal 

clock  is  therefore   so   set  that 

the  hands  shall    read   0  hours   ft  | 

ininutefi    0    seconds   at    the 

\  moment  when  the  vernal  eqni-    5  I 

B  the  meridian. 

('iintinaing  our  ohBer\'atioti9 

I  Af  the  Btiu^s  apparent  course  fnr 

months   from  Mareh  '2i>tli 

bll  Septemher  23d,  wc  should 

■ttd  it  to  t>e  as  in  Fig.  4o.     It 

rill  he  seen  that  Fig.  -14  cor- 

_K>nd8  to  the  right-hand  end    ^  I 
F  45,  but  is  on  a  nmch  larger    ^  I 
The  sun,  moving  silong 
the  great  circle  of  the  ecliptic,    i 
will  reach  its  greatest  northern    ' 
declination    about    June   21st. 
"his  pfiint  is  indicated  on  the 
£gnre  as  90"  fmm  tiie  vernal 
iquinox,  and  is  called  the  gum- 
'  toUtict.     The  Bun"s  right 
i^eneion  is  then  six  hours,  and 

Icclination  SSJ"  north. 
The  Minrse  of  ihe  snn  now 
toclines  toward  the  sonth,  and 

nw  the   equator    about   geptemtiei 
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a  point  diametrirally  oppoeite  the  vernal  equinox.  In 
virtue  of  the  theorem  of  Bpherical  trigononjetrv  that  all 
^rreat  (circles  intereect  each  otlier  in  two  opposite  points, 
the  ecliptic  autl  equator  int«rsect  at  the  two  opposite  equi- 
noxes. The  eqninox  which  the  sun  crosses  on  September 
23d  is  called  the  atdutn^nal  equinox. 

During  the  six  months  from  September  to  March  the 
sun's  course  is  a  counterpart  of  that  from  March  to  Sep- 
tember, except  that  it  lies  south  of  the  equator.  It  at- 
tains its  greatest  south  declination  about  December  22d, 
in  right  ascension  18  hours,  and  south  declination  23^°. 
This  point  is  called  the  leinter  »oUtice.  It  then  begins  to 
incline  its  course  toward  the  north,  reaching  the  vernal 
equinox  again  on  March  20th,  1880, 

The  two  equinoxes  and  the  twn  fiolittices  may  be  re- 
garded as  the  four  cardinal  points  of  the  sun's  appaiBut 
annual  circuit  aronnil  the  licavens.  Its  p-ieea^  through 
these  points  is  detenuincd  by  measuring  its  iJtitude  or 
declination  from  day  to  day  witli  a  meridian  circle.  Since 
in  our  latitude  greater  altitudes  correspond  to  greater 
declinations,  it  follows  that  the  summer  solstice  occure  on 
the  day  when  the  altitude  of  the  sun  is  greatest,  and  the 
winter  solstice  on  that  when  it  is  least.  The  mean  of 
these  altitudes  is  that  of  tJie  equator,  and  may  therefore 
be  found  hy  6iil)tracting  the  latitude  of  the  place  from 
90°.  The  time  when  the  sun  reaches  this  altitude  going 
north  mark»  the  vernal  equinox,  and  that  when  it  reaches 
it  going  south  marks  the  autumnal  equinox. 

These  jtassa^es  of  the  sun  through  the  cardinal  points 
have  been  tlie  siibjects  of  astronomical  observation  from 
the  earliest  ages  on  account  of  their  relations  to  the  change 
of  the  seasons.  An  ingenious  method  of  finding  the  time 
wlien  the  sun  reached  the  equinoxes  was  used  by  the  as- 
tronomers of  Alexandria  about  the  beginning  of  our  era. 
In  the  great  Alexandrian  Museum,  a  large  ring  or  wheel 
was  set  lip  pHnillcl  to  the  plane  of  the  equator — in  other 
words,  it  was  go  fixed  that  a  istar  at  the  pole  would  shine- 
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ferpendicnlarl;r  on  the  wheel.  Evidently  its  ploiie  if 
exteuded  must  bave  passed  tbrou^li  the  east  and  west 
points  of  the  horizon,  while  its  inelinntioii  to  the  vurtioat 
was  equal  to  the  latitude  of  the  place,  which  was  not  far 
from  30°.  When  the  sun  reatihed  the  equator  going  north 
or  fonlh,  and  shone  npon  this  wheel,  its  lower  edge  would 
he  exactly  covered  by  the  shadow  of  the  upper  edge  ; 
whereas  in  any  other  position  the  sun  would  shine  upon 
the  lower  inner  edge,  Tims  the  time  at  which  the  sun 
reached  the  equinox  could  be  determined,  at  least  to  a 
fraction  of  a  day.  By  the  more  exact  methods  of  modem 
times,  it  can  be  determined  within  less  than  a  minute. 

]t  will  be  seen  that  this  method  of  determining  the  an. 
nnal  apparent  course  nf  the  sun  hy  its  declination  or  alti- 
tude is  entirely  independent  of  its  relation  to  the  fixed 
F^tars;  and  it  could  he  equally  well  applied  if  no  Btars 
were  ever  visible.  There  are,  therefore,  two  entirely  dis- 
tinct ways  of  finding  when  the  sun  or  the  earth  has  com- 
pleted its  apparent  circuit  around  the  celestial  sphere  ; 
the  one  hy  the  transit  instrument  and  sidereal  clock,  wlncU 
khow  when  the  sun  returns  to  the  same  position  among 
the  stars,  the  other  hy  the  measurement  of  altitude,  which 
ebows  when  it  returns  to  the  same  cqninox.  By  the  for- 
mer method,  already  described,  we  conclude  that  it  ha« 
completed  an  annual  circuit  when  it  returns  to  thu  same 
fltar  ;  hy  tho  latter  when  it  returns  In  the  samj  efjuinos. 
These  two  methods  ivill  give  slightly  different  results  for 
(he  length  of  the  year,  for  a  reason  to  bo  hereafter 
described. 

Tho  Zodiao  &nd  its  DiriaionB.^Thc  /.odiac  is  a  belt 
in  the  heavens,  commonly  considered  as  extending  some  8' 
on  ejich  side  of  the  ecliptic,  and  therefore  about  16"  wide. 
The  planets  known  to  the  ancients  are  always  seen  within 
this  belt.  At  a  very  early  day  the  zodiac  was  mapped  out 
into  twelve  signs  known  as  the  8!/}n»  of  th^  sodiac^  the 
names  of  which  have  t>een  handed  down  to  the  jiresent 
time.     Each  of  tlioso  signs  was  enpposed  to  l>e  the  seat  of 
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a  conBtellation  after  which  it  was  called.  Commencing 
at  the  vernal  equinox,  the  first  thirty  degrees  through 
which  the  sun  passed,  or  the  region  among  the  stare  in 
which  it  was  found  during  the  month  following,  was 
called  the  sign  Aries,  The  next  thirty  degrees  was  called 
Taurus.  The  names  of  all  the  twelve  signs  in  their 
proper  order,  with  the  approximate  time  of  the  sun's  en- 
tering upon  each,  are  as  follow  : 


Ari^s^  the  Ram, 
Taurus^  tlio  Bull, 
Gemini,,  the  Twins, 
Cancer^  the  Crab, 
Leo^  the  Lion, 
Vinjo,  the  Virgin, 
Libra^  the  Balance, 
Scorpius,  the  Scorpion, 
Sag itkir tits ^  the  Archer, 
CapricornU'S^  the  Goat, 
Aquarius^  the  Water-bearer, 
Pisces^  the  Fishes, 


March  20. 
April  20. 
May  20. 
June  21. 
July  22. 
August  22. 
September  22. 
October  23. 
November  23. 
December  21. 
January  20. 
February  19. 


Each  of  these  signs  coincides  roughly  with  a  constella- 
tion in  the  heavens  ;  and  thus  there  are  twelve  const^Ua- 
tions  called  by  the  names  of  these  signs,  but  the  signs  and 
the  constellations  no  longer  correspond.  Although  the  sun 
now  crosses  the  equator  and  enters  the  sign  Aries  on  the 
20th  of  March,  he  does  not  reach  the  catistsUation  Aries 
imtil  nearly  a  month  later.  This  arises  from  the  preces- 
sion of  the  equinoxes,  to  be  explained  hereafter. 


§  4.    OBLIQUITY   OP   THE  ECLIPTIC. 

We  have  already  stated  that  when  the  sun  is  at  the 
summer  solstice,  it  is"  about  23^°  north  of  the  equator, 
and  when  at  the  winter  solstice,  about  23^°  south.  This 
shows  that  the  ecliptic  and  equator  make  an  angle 
of    about   23^""  with  each  other.     This   angle   is   called 


tlie  ol>liqiiitv   of   tlie   ecliptic,  and    its  dettrminalioii 
very  simple.     It  is   only   neceeaary  to   find  by  repeated 
obeervation  the  min'B  greatest    north   deciination  ut   the 
SQOuner   solstice,    and   its  greatest    south  declination    at 
the  winter  solstice.     Either  of  these  declinatione,  which  j 
most  be  equal  if  the  obeervationa  are  accurately  made; 
will  give  the  obliqaity  of  the  ecliptic.   It  has  been  cf>n-  I 
tinually  diminishing  from  the  earliest  ages  at  a  rate  ofl 
about  half  a  second  a  year,  or,  more  exactly, about  forty-  I 
seven  seconds  in  a  century.     This  dimiimtion  is  duo  taj 
the  gravitating  forces  of  the  planets,  and  will  continue  fop- 
several  thousand  yoar^  to  come.     It  will  not,  however,  go  \ 
on  indutiHitely,  but  the  obliquity  will  only  oscillate  be-  I 
twcen  (-■ompanitively  narrow  limits. 

The  relation  of  the  obliquity  of  the  ecliptic  to  the  s 
»ons  is  qnite  obvious.     When  the  sun  is  north  of  the  equiul 
tor,  it  cubiiinalee  at  a  higher  altitude  in  the  noi'thern  hem- 
ispliere,  and  more  tJiau  half  of  its  apparent  diurnal  coursd  1 
is  above  tlie  horizon,  as  explained  in  the  chapter  ou  the  ] 
celestial  sphere.     Hence  we  have  the  heats  of  summer. 
Id  the  sonthoini  hemisphere,  of  course,   the  case  is  ra-  I 
vereed  :   when  the  bud   is  in  north  declination,  less  than  I 
half  of  his  diurnal  course  is  above  the  horizon  in  that  hem- 
isphere.    Therefore  this  situation  of  the  sun  corresponds 
to  ttummer  iu  the  northern  hemisphere,  aud  winter  in  the 
eoiithem  one.     In  exactly  the  same  way,  when  the  snn  is 
far  south  of  the  equator,  the  days  are  shorter  in  tlie  north- 
ern hemisphere  aud  longer  in  the  southern  hemisphere. 
It  is  therefore  winter  in  the  former  and  summer  in  the 
Utter.      If   the  e(piator  and  the  ecUptic  coincided — that 
is,  if   the    sun  moved   along   the    equator — there  would 
be  no  such  tiling  as  a  difference  of  seasons,  Iwcause  the 
gnn  would  always  rise  exactly  in  the  east  and  set  exactly 
in  the  west,  and  always  cnlminat«  at  the  same  altitude, 
The  days  would  always  be  twelve  honrs  long  the  world 
over.     This  is  the  case  with  the  planet  Jupiter. 

Iu  the  prectsding  paragraphs,   we  liavu  explained  the 
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app&rent  annual  circuit  of  the  sim  relative  to  tbe  equator, 
unil  i^hown  how  the  seatkiiis  depend  upon  this  circuit.  lu 
order  that  the  student  may  clearly  grasp  the  entire  subject, 
it  18  necessary  to  show  the  relation  of  these  apparent  move- 
ments to  the  actual  movement  of  the  e^rth  aronod  the 


To  understand  the  relation  of  tlie  eqnator  to  the  eclip- 
tic, we  must  remember  that  ths  ceWtial  pole  and  the 
celestial  equator  have  really  no  reference  whatever  to  the 
heavens,  but  depend  solely  on  the  direction  of  the  earth's 
axis  of  rotation.  Tbe  pole  of  the  heavens  is  notUinj^ 
inoro  than  that  point  of  the  celestial  sphere  toward  which 
the  earth's  axis  points.  If  the  direction  of  thia  axis 
changes,  the  position  of  the  celestial  pole  among  the  8t*n 
will  chango  also ;  though  to  an  observer  on  the  earth, 
unconscious  of  the  change,  it  would  seem  as  if  the  starry 
sphere  moved  while  the  pole  remained  at  rest.  Agam,  the 
celestial  equator  being  merely  the  great  circle  in  wliich  the 
plane  of  the  earth's  equator,  extended  out  to  infinity  in 
every  direction,  cuts  the  celestial  sphere,  any  change  In 
the  direction  of  the  pole  of  the  earth  necessarily  changes 
tlie  position  of  the  equator  among  the  stars.  Xow  the 
positions  of  the  celestial  pole  and  the  celestial  equator 
amoug  the  stars  seem  to  remain  unchanged  throughout 
the  year.  (There  is,  indeed,  a  minute  change,  but  it  does 
not  aSect  uur  present  reasoning.)  This  shows  that,  as 
the  earth  revolves  around  the  sun,  its  asria  is  constantly 
directed  toward  nearly  the  same  point  of  the  celestial 
sphere. 

g  6.    THE  SEASOlfB. 

The  conclusions  to  which  we  are  thus  led  respecting 
the  real  revolution  of  tlie  earth  are  shown  in  Fig.  ie. 
Here  A'  represents  the  sun,  with  the  orbit  of  the  earth 
surrounding  it,  but  viewed  nearly  edgeways  so  as  to  be 
much  foreshortened.  A  B  O'D  are  the  four  cardinal 
positions  of  the  earth  which  rurriispond  to  the  cardinal 
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I*  points  of  the  apparent  path  of  the  eiin  already  described.   J 
*n  eai-h  figure   of  tliti  rartii  i\'.S' ie  the  axis,  jV  being  ita 
I  A'  its  south  pwle.     Since  this  axis  points  in  the 


same  direction  relative  to  the  stars  during  an  entire  year, 
it  foUowa  that  tlie  different  lines  -V  S  are  all  parallel. 
Again,  since  the  efjiiator  does  not  coincide  with  tlie  ecliptic, 
tliese  lints  are  not  perpendipular  to  tlie  ecliptic,  liiit  aro. 
indined  from  this  perpendicular  \>y  23^°. 

Now,  coneider  the  eailh  as  at  A  ;  here  it  is  seen  that  the ! 
eun  shines  more  on  the  eonthem  hemisphere  than  on  the 
northern  ;  a  region  of  23^"  around  the  north  polo 
darkueae,  while  in  the  corresponding  region  around  the 
Btiiith  pole  the  sunehinesall  day.  The  five  circles  at  right 
an^rles  to  the  earth's  axis  are  the  parallels  of  latitude  around 
which  eJich  region  on  the  surface  of  the  earth  is  carried  by 
the  diurnal  rotation  of  the  latter  on  its  axis.  It  will  l>o  seen 
that  in  the  northern  hemisphere  less  than  half  of  these  are 
illuminated  by  the  sun,  and  in  the  southern  hemiephera 
more  than  half.  Tliis  corresponds  to  our  winter  solstice. 
Wlien  the  earth  reaches  B,  its  axis  iV^A'is  at  right  an- 
gle* to  the  line  drawn  to  the  sun,  bo  that  the  latter  sliiaea 
perpendicularly  on  the  equator,  the  plane  of  whic 
through  it.     The  diurnal  (■ircles  on  the  earth  are 
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illuminated  and  one  half  in  darkness.  This  position  cor- 
responds  to  the  vernal  equinox. 

At  C  the  case  is  exactly  the  reverse  of  that  at  A^  the 
sun  shining  more  on  the  northern  hemisphere  tlian  on  the 
southern  one.  North  of  the  equator  more  than  half  the 
diurnal  circles  are  in  the  illuminated  hemisphere,  and  south 
of  it  less.  Here  then  we  have  winter  in  the  southern  and 
summer  in  the  nortliem  hemisphere.  The  sun  is  alK)ve  a 
region  23^°  north  of  the  equator,  so  that  this  position  cor- 
responds to  our  summer  solstice. 

At  D  the  earth's  axis  is  once  more  at  right  angles  to  a 
line  drawn  to  the  sun.  The  latter  therefore  shines  upon 
the  equator,  :md  we  have  the  autumnal  equinox. 

In  whatever  position  we  suppose  the  earth,  the  line  S N^ 
continued  indefinitely,  meets  the  celestial  sphere  at  its 
north  pole,  while  the  middle  or  equatorial  circle  of  the 
earth,  continued  indefinitely  in  every  direction,  marks  out 
the  celestial  equator  in  the  heavens.  At  first  sight  it  might 
seem  that,  owing  to  the  motion  of  the  earth  through  so 
vast  a  circuit,  the  positions  of  the  celestial  pole  and  equa- 
tor must  change  in  consequence  of  this  motion.  We  might 
say  that,  in  reality,  the  pole  of  the  earth  describes  a  circle  in 
the  celestial  sphere  of  the  same  size  as  the  earth's  orbit. 
But  this  sphere  being  infinitely  distant,  the  circle  thus  de- 
scribed ai)pe{ir8  to  us  as  a  point,  and  thus  the  pole  of  the 
heavens  seetns  to  preserve  its  position  among  the  stars 
through  the  whole  course  of  the  year.  Again,  we  may 
suppose  the  equator  to  have  a  slight  annual  motion  among 
the  stars  from  the  same  cause.  But  for  the  same  reason 
this  motion  is  nothing  when  seen  from  the  earth.  On  the 
other  hand,  the  slightest  change  in  the  direction  of  the 
hxi^SN  will  change  the  apparent  position  of  the  pole 
among  the  stars  by  an  angle  equal  to  that  change  of  direc- 
tion. We  may  thus  consider  the  position  of  the  celestial 
pole  as  independent  of  the  position  of  the  earth  in  its 
orbit,  and  dependent  entirely  on  the  direction  in  which 
the  axis  of  the  earth  points. 


CBLBSTUL  LATITUDE  AND  LONGITUDK        1X1 

If  this  axis  were  perpendicular  to  tbe  plane  of  the  eclip- 
tic, it  18  evident  that  the  snn  would  always  lie  in  the  plane 
of  the  equator,  and  tliere  would  be  no  change  of  Eeasona 
except  such  slight  ones  as  rniglit  result  from  the  umall 
differences  in  the  distance  of  the  earth  at  diiTereut  seasonB, 

§  e.    CELESTIAI.  LATmrOE  AMD  LONOmTDB. 

Besides  the  circles  of  refereni^e  described   in  the  first 
chapter,  still  another  system  is  used  in  which  the  ccliptio 
is  taken  as  the  fundamental  plane.     Since  the  motion  of   , 
the  earth  around  the  sun  takee  place,  by  definition,  in  the  I 
plane  of  ihe  ecliptic,  and  tbe  motions  of  tlie  planets  very  | 
near  that  plane,  it  ia  frequently  more  convenient  to  refer  I 
the  positions  of  the  planets  to  the  plane  of  tiie  ecliptic  than  f 
to  that  of  the  ecjuator.     The  co-ordinates  of  a  heavenly  ] 
body   thus  referred  are  called  ita  celestial  ktf.Uiui^  and  I 
longiivdf.     To  show  the  relation  of  these  co-ordinates  to 
right  ascension  and  declination,  we  give  a  figure  showing 
both  co-ordinates  at  tbe  same  time,  as  marked  on  the 
celestial  sphere.     This  figure  is  supposed  to  be  the  celes- 
tial sphere,  having  the  solar  system  in  its  centre.     The 
direction  /*  §  is  that  of  the  axis  of  tbo  earth  ;  IJ{%  the 
ecliptic,  or  the  great  circle  in  which  the  plane  of  the 
eartirs  orbit  intersects  tbe  celestial  epberc.     The  point  in 
which  these  two  circles  cross  is  marked  ff',  and  is  the  ver- 
nal equinox.     From  this  the  right  ascension  and  the  longi- 
tude arc  counted,  increasing  from  west  toward  east. 

The  horizontal  and  vertical  circles  show  how  right  ascen- 
sion and  declination  are  counted  in  the  manner  described  in 
Chapter  I.  As  the  right  ascension  is  counted  all  the  way 
around  tbe  equator  from  0''  to  34^,  so  longitude  is  counted 
along  the  ecliptic  from  the  point  O"",  or  tbe  vernal  equinox, 
toward  J  in  degrees.  The  whole  circuit  measuring  360", 
this  distance  will  carry  us  all  tbe  way  round.  Thus  if  a 
body  lies  in  tlie  ecliptic,  ita  longitude  is  simply  the  number 
of  degrees  from  the  vernal  equinox  to  its  position,  n 
nrcd  in  the  direction  from  Atoward  -/(from  west  to  cast).   I 
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If  it  \b  not  in  tlie  ecliptic,  bnt  at,  eay,  the  point  B,  we 
let  fall  a  perpendicular  BJ  from  the  body  upon  the 
ecliptic.  The  length  of  this  perpendicular,  measured  in 
degrees,  is  ca!l«*d  the  Intititth  of  the  bodj,  which  uiay  be 
north  or  south,  while  the  distance  of  the  foot  of  the  per- 
pendicular from  the  vernal  etjuinox  is  called  its  totujUude. 
in  astronomy  it  ia  usual  to  represent  the  positions  of  the 
l>oditai  of  the  solar  system,  relatively  to  the  sun,  by  their 
longitudes  and  latitudes,  because  iu  the  ecliptic  we  have  a 


PlO,  47.— CIRCLES 


plane  more  nearly  fixed  than  that  of  the  equator.  On  the 
other  hand,  it  is  more  convenient  to  represent  the  position 
of  all  the  heavenly  bodies  as  seen  from  the  eartli  by  their 
right  ascensions  and  declinationB,  because  we  cannot  ineos- 
nre  their  longitiidoH  and  latitudes  directly,  but  can  only 
oheerve  right  ascension  and  declination.  If  we  wish  to 
determine  the  longitude  and  latitude  of  a  bo<iy  as  seen 
from  the  centre  of  the  e^uth,  we  have  to  first  find  its  right 
ascension  and  declination  by  oliscrvation,  and  then  change 
these  quantities  to  longitude  and  latitude  by  trigoiiometri- 
en  J  formalsB. 


CHAPTER   IV. 

THE   PLANETARY   MOTIONS. 


Definitions. — The  solar  system,  as  we  now  know  it,  p 
]tnBK&  BO  v»8t  B  nninbcr  of  bodies  of  various  orders  of  mag^ 
iiitndc  and  distance,  and  subjected  to  bo  many  Bcemingm 
complex  motions,  tbat  we  must  consider  ite  parte  eepi 
rat«ly.  Oiir  attention  will  therefore,  in  the  present  chap> 
(er,  be  particularly  directed  to  the  motions  of  the  g 
plauets,  wliicli  we  may  consider  as  forming,  in  some  eort^ 
tlie  fnndainental  bodies  of  the  system.  These  bodie 
may,  with  lespect  to  their  apparent  motions,  be  divide* 
into  three  classes. 

Speaking,  for  the  present,  of  the  snn  as  a  planet,  thJ 
first  clafis  comprises  the  «un  and  moon.  We  have  seenf 
thai  if,  upon  a  star  chart,  we  mark  down  the  positions  of* 
the  son  day  by  day,  they  will  all  fall  into  a  regular  circle 
which  marks  ont  the  ecliptic.  The  montlily  course  of  the 
moon  is  found  to  be  of  the  same  nature,  although  its 
motion  is  by  no  means  uniform  in  a  month,  yet  it  te 
always  toward  the  east,  and  always  along  or  vcrj-  near  a 
certain  pr»?at  circle. 

The  second  elaas  comprises  Venus  and  Mercury.     The 
peculiarity    exhibited  by  the  apparent  motion  of  these 
btfdies  is,  tliat  it  is  an  oscillating  one  on  each  side  of  the 
snn.     If  we  watch  for  the  appearance  of  one  of  these  ■ 
planets  after  sunset  from  evening toevening,  we  shall  tindj 
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it  to  appear  above  the  western  horizon.  Night  after  night 
it  will  iie  farther  and  farther  from  the  eun  until  it  attains 
a  certain  maximum  distance  ;  then  it  will  appear  to  return 
to  the  eun  again,  and  for  a  while  to  be  lost  in  it«  rajs. 
A  few  days  later  it  will  reappear  to  the  west  of  the  sun, 
and  thereafter  be  visible  in  the  eastern  horizon  before 
sunrise.  In  the  case  of  Mereury,  the  time  required  for 
one  complete  oscillation  back  and  forth  is  about  four 
months  ;  and  in  the  case  of  Venua  more  than  a  year  and 
a  half. 

The  third  class  comprises  Mars,  JupiUr,  and  Saivm  as 
well  Its  a  great  number  of  planets  not  visible  to  the  naked 
eye.  The  general  or  average  motion  of  these  planets  is 
toward  the  eaat,  a  complete  revolution  in  the  celestial 
sphere  being  jwrformed  in  times  ranging  from  two  years 
in  the  ease  of  Mara  to  164  years  in  that  of  Septune. 
But,  instead  of  mo™g  uniformly  forward,  they  seem  to 
have  a  swinging  motion  ;  first,  they  more  forward  or 
toward  the  east  through  a  pretty  long  ai'<^,  then  backward 
or  westward  through  a  short  one,  then  forward  through 
a  longer  one,  etc.  It  is  only  by  the  excess  of  the  longer 
arcs  over  the  shorter  onca  that  the  circuit  of  the  heavens 
is  made. 

The  general  motion  of  the  sun,  moon,  and  planets 
among  the  stars  being  toward  the  east,  the  motion  in  tliis 
direction  is  called  direct ;  whereas  the  occasional  short 
motions  toward  the  west  are  called  retrograde.  During 
the  periods  between  direct  and  retrograde  motion,  the 
planets  will  for  a  short  time  appear  stationary. 

The  planets  Yenu»  and  Mercury  are  said  to  be  at  great- 
est elongation  when  at  their  greatest  angular  di&tauce  from 
the  sun.  The  elongation  whicTi  occurs  with  the  planat 
eaat  of  the  sun,  and  therefore  visible  in  the  western  hori- 
son  after  sunset,  is  called  the  eastern  elongation,  the  other 
the  western  one. 

A  planet  ia  said  to  be  in  cnti/uncdon  with  the  san  when 
it  is  in  the  same  direction,  or  when,  as  it  socms  to  jiass  by 
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tlie  Bnn,  it  approaches  ncareet  to  it.     It  is  Kiid  to  1 
Gpptmition  to  tbe  sun  when  exactly  in  the  opposite  direc- 
tion— rian};  when  the  sun  sets,  and  vice  v^rm.     If,  when  I 
H  planet  is  in  conjunction,  it  is  between  the  earth  and  the 
Bnn.  the  conjiinctiou  is  said  to  he  an  inferior  one  ;  if  be- 
yond the  eiin,  it  is  said  to  be  nuperutr,  $ 

Amngements  and  Uotiona  of  the  Planets.— We  now 
know  that  the  sun  is  the  real  centre  of  the  solar  system,   ^M 
And  that  the  planets  proper  all  revolve  around  it  as  the  ^^| 
Wntre  of  motion.     The  order  of  the  five  innermost  large    ^H 
iplanets,  or  the  relative  positions  of  their  orbits,  are  shown 
\n  Fig.  4S.     These  orbits  are  all  nearly,  but  not  exactly, 


in  the  same  plane.  Tlie  planets  Mt-rmiry  and  Venttt 
which,  as  seen  from  the  earth,  never  appear  to  recede  very 
far  from  the  sun,  are  in  realitv  those  which  revolve  inside 
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the  orbit  of  tlie  cartli.  The  ])laiit'tB  of  tbe  tliinl  clue, 
which  perform  iheir  cii-cuite  at  all  diotaiieee  from  the  eim, 
are  what  we  now  call  the  superior  planets,  and  are  xaan 
distant  from  the  suii  tliun  the  earth  is.  Of  these,  the  or- 
bits of  Mar«,  Jupiter,  tiiid  a  ewann  of  teleecopic  planea 
arc  eliown  in  tlie  tijjure ;  next  outside  of  Jupiter  comes 
Saturn,  iho  farthest  planet  readily  vleible  ti>  the  naked 
eye,  wni  then  Cfranujt  and  Neptune,  telescopic  jilanets. 
On  the  scale  of  V'lg.  48  the  orbit  of  Nejttune  would  Iw 
raoro  than  two  feet  in  diameter.  Finiilly,  the  moiinisa 
small  pla'ict  revolving  around  the  earth  us  its  eeutre,  and 
carried  with  ihu  latter  hb  it  movce  around  thu  emi. 

In/'eriiir  jilaiirts  are  thusu  whose  orbit*  lie  iiu-ide  that 
of  the  CHrth,  us  Mercy ry  mid   Yvuiia. 

Superiiir  pltinft^  are  thotio  whoito  orhitH  lio  out&ldo  that 
of  the  eaith,  as  Mam,  Jupiter,  Saturn,  etc. 

The  furlher  a  planet  is  situated  from  tha&nn,  the  slower 
is  its  orbital  motion.  Therefore,  as  we  go  fmm  the  sun, 
the  periods  of  revolution  are  longer,  for  the  double  reason 
that  tlie  planer,  has  a  larger  orbit  to  describe  and  moves 
more  slowly  in  its  orbit  It  is  to  this  slower  motion  of  the 
outer  planets  that  the  occasional  apparent  retrogm  Je  nootion 
of  the  planets  i.s  due,  as  may  be  seen  by  studying  Fig.  4!). 
We  first  remark  that  the  apparent  direction  of  a  planet, 
as  seen  from  thD  earth,  is  detennined  by  tho  line  joining 
the  cqrth  and  planet.  Supposing  this  lino  to  be  continued 
onward  to  infinity,  so  as  to  intersect  the  celestial  sphere, 
the  ajiparent  motion  of  the  planet  will  be  defined  by  the 
motion  of  the  point  in  which  the  line  iutorseeta  the  sphere. 
If  this  molio:i  ii*  toward  the  east,  it  will  be  direct ;  if 
toward  the  west,  retrograde. 

Let  »8  first  take  the  case  of  an  inferior  planet.  Sup- 
pose H I K L  M  N  to  be  successive  positions  of  the  earth 
in  its  urbit,  and  A  BC  D  EF  to  be  corresponding  posi- 
tions of  Yeniig  or  Mfrcnnj.  It  mnst  be  remembered  that 
when  we  speak  of  east  and  west  in  this  connection,  wo  do 
not  mean  an  absolute  direction  in  space,  but  a  direction 
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&ronnd  the  sphere.  In  the  fignre  wc  are  Bii[ipuseil  (i>  luok  | 
down  npoit  the  planetary  orbitii  from  the  north,  and  a 
direction  west  is,  then,  that  in  whicii  the  bauds  of  a  watrJi 
move,  while  eaet  i&  in  the  opposite  direction.  When  the 
earth  is  at  H  the  planet  is  sieen  at  A.  The  line  IJ  A 
tieing  supposed  tangent  to  the  orbit  of  the  planet,  it  is 
evident  from  geonieirical  considerations  that  this  is  the 
greatest  angle  which  tlic  planet  can  ever  make  with  t 
flUQ  as  eeeo  from  the  earth.  This,  therefore,  correpporw 
to  the  gnsitest  eastern  elongation. 


Fia.  49. 

When  the  earth  has  reached  /the  planet  is  at  B,  and  is  ' 
therefore  near  the  direction  /  B,  The  linu  has  tnnied  in  a 
direolioii  opposite  that  of  the  hands  of  a  watch,  and  cuts 
the  celestial  sphere  at  a  {xiint  farther  east  than  the  line 
II A  did.  Hence  the  motion  of  the  planet  dnring  this 
period  has  been  direct ;  but  iho  direction  of  the  sun  hav- 
ing changed  aleo  in  conBGfjncnce  of  the  advance  of  the 
earth,  the  angular  distance  between  the  sun  and  the  planet 
is  IcB8  than  before, 

,  ga-Tih  is  Tinpfiing  from,  /  to  .iT)  tlio  planet 
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paeeee  from  B  io  C.  The  distance  B  C  exceeds  IK,  be- 
cause  the  planet  moves  faster  than  the  earth.  The  line 
joining  the  earth  and  planet,  therefore,  cuts  the  celestial 
sphere  fit  a  point  farther  west  than  it  did  before,  and 
therefore  the  direction  of  the  apparent  motion  ie  retro- 
grade. At  C  the  planet  is  in  inferior  conjunction.  The 
retrograde  motion  still  continnes  until  the  earth  reaches  Z, 
and  the  planet  D,  when  it  becomes  stationary.  After- 
ward it  is  direct  nnti!  the  two  bodies  again  come  into  the 
relative  positions  IB. 

Lot  us  next  suppose  that  the  inner  orbit  A  B  CD  EF 
ropreeenta  that  of  the  earth,  and  the  onter  one  that  of  a 
superior  planet,  Marit  for  instance.  We  may  conei<ier 
0  Q  P  R  to  h^  the  celestial  epliere,  only  it  should  he  infi- 
nitely distant.  While  the  earth  is  moving  from  ^  to  i?  the 
planet  moves  from  II  to  /.  This  motion  is  direct,  the  di- 
reetion  0  Q  P  li  being  from  west  to  east.  Wliile  the  earth 
ie  moving  from  B  to  D,  the  planet  is  moving  from  /  to 
Z ;  the  former  motion  Iteing  the  more  rapid,  the  earth 
now  passcj  by  the  plunet  as  it  were,  and  the  line  conjoin- 
ing them  tarns  in  the  same  direction  as  the  bands  of  a 
watch.  Therefore,  during  this  time  the  planet  seems  to 
describe  the  arc  P  Qin  the  celestial  sphere  in  the  directioa 
opposite  to  its  actual  orbital  motion.  Tiie  Hues  I D  and 
M  E  are  supposed  to  be  parallel.  The  planet  is  then  really 
stationary,  even  though  as  drawn  it  would  seem  to  have  a 
forward  motion,  owing  to  the  distance  of  these  two  lines, 
yet,  on  the  infinite  sphere,  this  distance  appeJirs  as  a 
point.  From  the  point  M  the  motion  is  direct  until  the 
two  bodies  once  more  reach  the  relative  positions  B  I. 
When  the  planet  is  at  K  and  the  earth  at  (?,  the  former  is 
in  opposition.  Hence  the  retrograde  motion  of  the  supe- 
rior planets  always  takes  place  near  opposition. 

Theory  of  EpioyoldH. — The  ancient  astronomers  repre- 
pented  this  oscillating  motion  of  the  planets  in  a  way  which 
"■as  in  a  certain  sense  corrcpt.  The  only  error  they  made 
was,  in  attributing  the  oscillfttion  to  a  motion  of  the  planet 
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^i^fitead  of  a  motion  of  the  earth  around  the  sun,  which 
1^7  cansee  it.     Biit  their'  theory  was,  notwithstanding, 
tbe  means  of  leading  CSopebnicus  and  others  to  the  percep- 
tion of  the  tme  nature  of  the  motion.     We  allude  to  the 
celebrated  theoiy  of  epicycles,  by  which  the  planetary 
motions  were  always  represented  before  the  time  of  Copeb- 
incrs.     Complicated  though  these  motions  were,  it  was 
seen  by  the  ancient  astronomers  that  they  could  be  repre- 
sented by  a  combination  of  two  motions.     First,  a  small 
circle  or  epicycle  was  supposed  to  move  around  the  earth 
with  a  regular,  though  not  nniform,  forward  motion,  and 
then  the  planet  was  supposecl  to  move  around  the  circum- 
ference of  this  circle.     The  relation  of  this  theory  to  the 
true  one  was  this.     The  regular  forward  motion  of  the 
epicycle  represents  the  real  motion  of  the  planet  around 
the  sun,  while  the  motion  of  the  planet  around  the  cir- 
cumference of   tbe  epicycle   is   an  apparent  one  arising 
from  the  revolution  of  the  earth  around  the  sun.     To  ex- 
plain this  we  must  understand  some  of  the  laws  of  relative 
motion. 

It  is  familiarly  known  that  if  an  observer  in  unconscious 
motion  looks  upon  an  object  at  rest,  the  ol^ject  will  ap- 
pear to  him  to  move  in  a  direction  opposite  that  in 
which  he  moves.  As  a  result  of  this  law,  if  the  observer 
is  unconsciously  describing  a  circle,  an  object  at  rest  will 
appear  to  him  to  describe  a  circle  of  equal  size.  This  is 
shown  by  the  following  figure.  Let  S  represent  the  sun, 
and  A  B  CD£Ft\ie  orbit  of  the  earth.  Let  us  suppose 
the  observer  on  the  earth  carried  around  in  tliis  orbit,  but 
imagining  himself  at  rcpt  at  S^  the  centre  of  motion. 
Suppose  he  keeps  observing  the  direction  and  distance  of 
the  planet  Pj  which  for  the  present  we  suppose  to  be  at 
rest,  since  it  is  only  the  apparent  motion  that  we  shall 
have  to  consider.  When  the  observer  is  at  A  he  really 
sees  the  planet  in  a  direction  and  distance  A  Pj  but 
imagining  himself  at  S  he  thinks  he  sees  the  planet  at 
the  point  a  determined  by  drawing  a  Une  Sa  parallel  and 
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et|ual   to  ,4  P.     As  liu  passes  from  A  to  £  the  planet 
will  seem  to  him  to  move  in  the  opposite  direetion  from 
to  b,  the  poiut  b  being  deter 
1  milled  by  druwiiig  Sb  eqxal  and 
parallel  to  B  /*.     As  he  receda 
from  tlic  planet  through  the  arc 
a  CD,  the  planet  seems  to  re- 
cede   from    liim    thryugh   icrf; 
and  while  he  itiovce  fixjm  left  to 
right    through   DE   the    planet 
Beeiiffi  to  move  from  right  to  left 
tliroiigli  D  E.     Finidly,  as  he  aji- 
proiiflies  the  pknet  through  the 
arc  E  FA  the   planet  seeuis  to 
apprniich    him     through    EFA, 
and  when   he   returns   to  A  the 
planet  will  appear  at  A,  ae  in  tlie 
beginning.      Thus     the     planet, 
though  really  at  rest,  will  sceui 
to  him  to  move  over  the  circle 
'  ahcilif  eurrespondiuor  to    that 
in  which  tlie  observer  liiniself  is 
carried  around  tlie  sun. 

The  planet  being  really  in  iimtion,  it  is  evident  that 
the  combined  effect  of  the  real  motion  of  the  planet  and 
the  apparent  motion  around  the  circle  abcde/  will  bo 
i-eprcflcnted  by  carrying  the  centre  of  this  circle  /'along 
the  true  orbit  of  the  planet.  The  motion  of  the  earth 
being  more  mpid  than  that  of  an  outer  planet,  it  follows 
that  the  apparent  motion  of  the  planet  through  obh  more 
rapid  than  the  real  motion  of  P  along  the  orbit.  Hence 
in  this  part  of  the  orbit  the  movement  of  the  planet  will  I>e 
retrograde.  In  every  other  part  it  will  be  direct,  because 
the  progressive  motion  of  P  will  at  least  overcome,  some- 
times he  added  to,  the  apparent  motion  around  the  circle. 

In   the   ancient   astronomy   the   apparent   simUl 
abcdef  was  called  tlie  epicijclt. 
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In  the  case  of  the  hmer  planets  Mercury  and  Venu$ 
Uie  relation  of  the  epicycle  tu  the  tme  orbit  is  revereed 
Here  the  epicyclic  niotiou  is  that  of  tlie  planet  around 
its  real  orliit — that  is,  the  true  orbit  of  tlie  planet  aronnd 
the  Bun  was  it«elf  taken  for  the  epic_>'cle,  while  the 
forward  motion  was  really  due  to  the  apparent  revolu- 
tion  of  the  eun  produced  by  the  annual  inottoit  of  the 
earth. 

In  the  preceding  descriptions  of  the  planetary  motions 
w  have  spoken  of  them  all  as  circukr.  But  it  waa  found 
by  H  ii'i*Aiu;Hrs  *  tliat  none  of  the  planetary  motione  were 
really  uniform.  Studying  the  motion  of  the  siui  in  order 
Kv  determine  the  length  of  the  year,  he  observed  the  timea 
*it  its  passage  through  the  etpiinoxes  and  solstices  with  all 
the  acearacy  which  his  instruments  permitted.  He  found 
that  it  was  several  duye  longer  in  passing  through  one  half 
of  ilbconree  than  through  the  other.  This  was  apparently 
incompatible  with  the  favorite  theory  of  the  ancients  thst 
all  tlie  celestial  motions  were  circular  and  uniform.  It 
was,  however,  accounted  for  hy  supposing  that  the  earth 
was  not  in  the  centre  of  the  circle  around  which  the  snQ 
moved,  hut  a  little  to  one  side.  Thus  arose  tlie  cele- 
brated theory  of  the  cr:centrie.  CarefiU  observations  of 
tJie  planets  showed  that  they  also  had  similar  inequalities 
of  motion.  The  centre  of  the  epicycle  around  which  the 
leal  planet  was  carried  was  found  to  move  more  rapidly 
III  one  part  of  the  orbit,  and  more  slowly  in  the  opposite 
part.  Thus  the  circles  in  which  the  planets  were  sup- 
posed to  move  were  not  truly  centred  upon  the  earth. 
They  were  therefore  called  ect^nfriiv. 

Tliifl  theory  accounted  in  a  rough  way  for  the  ol»er\-ed 
inequalities.  It  is  evident  that  if  the  earth  was  supposed 
to  be  displaced  toward  one  side  of  the  orbit  of  the  planet, 


I 


•  llHTABCUCa  was  one  of  Uio  mosl  cielelinted  iialrouomers  of  anti- 
quity, Ixrin^  fre«{ueDl1f  spoken  of  as  Ihe  father  of  tli«  science.    Ho  k  I 
■upposcd  to  liave  iiindu  most  of  his  obwiTvalinns  at  Rhodea,  oad  flour-  f 
kuadred  nod  fifty  yciirs  bcfi-n  tlie  (.'hrlHliaa  en. 


tbt!  latter  would  seem  to  move  more  rapidly  when  neaiwt 
tlie  earth  tiiaii  w]ieii  further  from  it.  It  was  not  until  the 
time  of  Kepi.er  that  the  eceeiitric  wae  shown  to  be  in- 
capable of  iic^-onnting  for  the  real  motioii  ;  auditisliia 
tliscoveriea  which  wc  are  next  to  describe. 

g  2.    ESPIiEB'S  LA.WS  OF  VtiAJSETARY  MOTDOV. 

The  direction  of  the  mm,  or  its  lon^tude,  can  be  deto-- 
mined  from  day  to  day  by  direct  oljservation.  If  we 
conid  also  observe  its  distance  on  each  day,  we  should,  by 
laying  down  the  distances  and  diroctions  on  a  large  piece 
of  paper,  through  a  whole  year,  be  able  to  trace  the  currc 
whicli  the  earth  describes  in  its  annual  course,  this  cour% 
being,  as  already  shown,  the  eounterjiart  of  the  apparent 
one  of  the  sun.  A  rough  determination  of  the  rela- 
tive distances  of  the  sun  at  different  times  of  tlie  year  may 
bts  made  by  measuring  the  sun's  apparent  angular  diame- 
ter, because  this  diameter  varies  inversely  as  the  distance 
of  the  object  observed,  Sach  measnres  would  show  that 
the  diameter  was  at  a  maximum  of  32'  36'  on  January  Ist, 
and  at  a  minimum  of  31'  32'  on  July  Ist  of  every  year. 
The  different,  64',  is,  in  round  numbers,  ^  the  mean 
diameter^that  is,  the  earth  is  nearer  the  sun  ou  January 
1st  than  on  July  Ist  by  about  ^.  We  may  consider  it 
as  ^  greater  than  the  mean  on  the  one  date,  and  ^  lea; 
on  the  other.  This  is  therefore  the  actual  displacement 
of  the  sun  from  the  centre  of  the  earth's  orbit. 

Again,  observations  of  the  apparent  daily  motion  of 
the  sun  among  the  stars,  corresponding  to  the  real  daily 
motion  of  the  earth  round  the  sun,  show  this  motion  to  be 
least  about  July  1st,  when  it  amounts  to  57'  12'  =  3433', 
and  greatest  about  January  Ist,  when  it  amounts  to 
61'  li"  =  3671*.  The  difference,  239*.  is,  in  round  num- 
hers,  ^ij  the  mean  motion,  so  that  the  range  of  variation 
is,  in  proportion  to  the  mean,  double  what  it  is  in  the  case 
of  the  distances.     If  the  actual  velocity  of  the  earth  iu  its 
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orbit  were  tiuifurm,  the  apparent  an^kr  motion  round  I 
■tkceiiu  would  be  inversely  as  its  distancu  from  the  sun.  | 
Actnallj,  however,  the  ungnlar  motion,  as  given  above,  is  1 
iDTerBelj  as  tlie  square  of  the  distance  from  the  Bun, 
se  (1  +  jij)'  =  1  -{-  ^  very  nearly.  The  .ictnal 
loaty  of  the  earth  is  therefore  greater  the  nearer  it  u  to  I 

On  the  ancient  theory  of  the  epcentric  circle,   as  pro- 
pounded by  HippAKcucs,  the  actual  motion  of  the  earth  J 
«u  supposed  to  be  nnifonn,  and  it  was  necessary  to  sup- 
pose the  displacement  of  the  sun  (or,  on  the  ancient  theo- 
rj,  of  the  earth)  from  the  centre  to  be  ^  its  mean  distance, 
in  order  to  account  for  the  observed  changes  in  the  motion 
h)  longitude.     We  now  know  that,  in  round  niuubers,  oua 
balf  the  ine<|uality  of  the  apparent  motion  of  tlie  sun  i 
loD^tude  nriK's  from  tht;  variations  in  the  distance  of  the  I 
9art)i  from  it,  iind  one  half  fn^im  the  earth's  actually  inor-  J 
Isg  witli  H  greater  velocity  as  it  conies  nearer  the  sun.  By  I 
itttibuting  the  whole  inequality  to  a  variation  of  distance, 
'ibe  ancient  ustrfjnoniera  made  the  eccentricity  of  the  or- 
:tib — that  is,  tlie  distance  of  the  sun  from  the  geometrical  1 
tre  of  the  orbit  (or,  a»  they  supposed,  the  dibtanee  of  I 
ttie  earlli  from  the  centre  of  the  miii's  orbit) — twice  i 
freat  as  it  really  was. 

An  immediate  consequence  of  tlieee  facts  of  obocrva-  i 
m  ia  Kkfleb's  second  law  of  planetary  motion,  that  tlia  I 
f^ii  vedoret  drawn  from  the  sun  to  a  planet  revolving  ] 
rcniud  it,  sweep  over  equal  areas  in  equal  times.     Sup- 
|wee,  in  Fig.  51,  that  S  represents  the  position  of  the  sun,  I 
and  that  the  earth,  or  a  planet,  in  a  unit  of  time,  say  a  I 
day  or  a  week,  moves  from  /*,  to   /*,.     At  another  part  i 
of  its  orbit  it  moves  from  /*  to  P,  in  the  same  time, 
and  at  a  third   part  from   P,  to  /',.     Then   the   areas 
SP^P,.    SPP„   SP.P,  will   all   be   equal.     A   little 
gcomctricjd  consideration  will,  in  fact,  make  it  clear  that 
the  areas  of  the  triangles  are  equal  when  the  angles  at  iS  J 
■IX)  inversely  as  the  square  of  the  radii  vectores,  SP,  eto.n 
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auc«  the  expression  for  the  area  of  a  triangle  in  which  tbe 
angle  at  5 is  very  small  is  J  angle  S  y.  S  P*.* 


In  the  time  of  Kepler  the  meane  of  measuring  the 
Btm'a  angular  diameter  were  so  imperfect  that  the  preced- 
ing method  of  determining  the  path  of  the  earth  around 
the  aun  conld  not  be  applied.  It  was  by  a  study  of  the 
motions  of  the  planet  Man,  as  observed  by  Tvciio  Bsahe, 
that  Keplek  was  led  to  his  celebrated  lawa  of  planetaPp" 
motion.  lie  found  that  no  possible  motion  of  Mars  in  a 
truly  circular  orbit,  however  eccentric,  would  represent  the 
observations.  After  long  and  laborious  calculations,  and 
the  trial  and  rejection  of  a  great  number  of  hypothesee, 
he  was  led  to  the  conclusion  that  the  planet  Mara  moved 
in  an  ellipse,  having  the  sun  in  one  focus.  As  the  analo- 
gies of  nature  led  to  the  inference  that  all  the  planets, 
the  eartli  included,  moved  in  curves  of  the  same  class, 
and  according  to  the  same  law,  he  was  led  to  enunciate 
the  first  two  of  his  celebrated  lawa  of  planetary  motion, 
which  were  as  follow  : 

•  More  exactly  it  we  cnnsider  the  arc  PP,  as  a.  sinugbt  line,  the 
srea  ot  tiie  trianRli-  PP^Swill  Ijo  Mjiial  lo  ^^P*  «P,  xrin  nugle  5, 
Bui  in  conHideritig  only  very  small  angles  we  may  suppose  S/'=  .9  Pi 
kA  the  sine  o(  the  ao^le  S  equal  Ui  thr  iingle  itself.  This  supposilioD 
will  gi»e  the  ari!B  nienlioned  above. 
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I.  Sachpfanei  rtu/een  around  the  min  in  an  eJlipse,  hav-  1 
ingihe  gun  in  one  ^ita  foci, 

II.  The    radius   vector  joining  eaeh  planet  with  tha  I 
•un,  m«»vw  over  equal  areas  in  equal  times. 

To  these  lie  afterward  added  another  showing  tlie  rela- 
tioti   between   the  times  of   revolatiou   of    the   separate  1 
planets. 

ill.   Jlie    gquare   of  tlte   tinte   of  revolution   of  eaeh  , 
pUmet  is  proportional  to  the  cvhe  of  its  mean  diatano* 
front,  the  sun. 

Thesu  three  laws  Rompriae  a  complete  theory  of  plan-  I 
etary  motion,  so  far  as  the  main  features  of  the  motion  are  I 
concerned.  There  are,  indeed,  email  variations  from  j 
these  laws  of  Kkplkr,  lint  the  laws  are  so  nearly  correct  ' 
that  they  are  always  employed  by  astronomers  as  the  bnsis 
of  their  theories. 

Mathematical  Theory  of  the   EUiptio  Motion. —  The 
laws  *if  Kei'lkk  lead  to  problems  uf  such  mathematical 

I  elegance  tliat  wc  give  a  brief  synopsis  of  the  moat  impor- 
tant elements  of  the  theory.  A  knowledge  of  the  ele- 
ments of  analytic  geometry  is  necessary  to  understand  it. 


of  the  ellipse  in  which  the  planet  r 

dgurv.  if  ',■  iH  the  centre  of  the  el.  

I  llfae.  and  S  the  focus  in  which  the  aur 


Ihthe  agurv.  if  0  ii 
I  Upse.  and  itthe  f( 
'    ■tu^ed,  then  a  = 


e,  the  eccentripitv  of  the  ellipse  =  — . 

IT,  the  Inagitudi!  ot  the  perihelion,  rep- 
naented  by  the  angle  r  8  B,  K  being  the  I 
direction  of   the    vernal    equinox    Cram  | 
wbicb  longitudes  arc  couQteii. 

m,  the  menD  angular  motion  of  the  I 
planet  rouDd  the  sun  in  i>  unit  of  time.  I 
Tbe  actual  motion  bcint;  varinble.  the  ' 
n«aD  motion   is  found  b;  dividing  the  ino.  aa. 

circumference  =  360°  by  the  tiini'  of  re  volution, 

T,  the  time  ot  revolution, 

r,  the  distance  nf  tbe  pUnot  from  the  sun,  or  its  radius  vector,  a 
viriable  quantity. 

I.  Th«  flm  remark  we  have  to  make  is  that  tbe  <iUiptieitiei  of  the 
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planetary  orbits — that  is,  the  proportions  in  which  the  orbits  are  flat- 
tened— is  much  less  than  their  eceenirieUie$,  By  the  properties  of 
the  ellipse  we  have  : 

SB  =  semi-major  axis  =  a,  

BC=  semi-minor  axis  =  a  Vl  ~  e', 
or,  B  (7  =  a  (1  —  }  «')  nearly,  when  e  is  very  small. 

The  most  eccentric  of  the  orbits  of  the  eight  major  planets  is  that 
of  Mercury^  for  which  d  =  0.2.     Hence  for  Mercury 

J90  =  «(l-A) 

very  nearly,  so  that  flattening  of  the  orbit  is  only  about  ^  or  .03 
of  the  major  axis. 

The  next  most  eccentric  orbit  is  that  of  Mars  for  which  e  =  .098 ; 
B  (7  =  a  (1  —  .0048),  80  that  the  flattening  of  the  orbit  is  only 
about  yfff. 

We  see  from  this  that  the  hypothesis  of  the  eccentric  circle  makes 
a  very  close  approximation  to  the  true  form  of  the  planetary  orbits. 
It  is  only  necessary  to  suppose  the  sun  removed  from  the  centre  of 
the  orbit  by  a  quantity  equal  to  the  product  of  the  eccentricity  into 
the  radius  of  the  orbit  to  have  a  nearly  true  representation  of  the 
orbit  and  of  the  position  of  the  sun. 

II.  The  least  distance  of  the  planet  from  the  sun  b 

-SfTT  =  a  (1  -  e), 
and  the  greatest  distance  is 

AS  =  a{\  -^  e). 

III.  The  angular  velocity  of  the  planet  around  the  sun  at  any 
point  of  the  orbit,  which  we  may  call  Sy  is,  by  the  second  law  of 
Kepler  : 

C  bein^  a  constant  to  be  determined.  To  determine  it  we  remark 
that  S  IS  the  angle  through  which  the  planet  moves  in  a  unit  of 
time.  If  we  suppose  this  unit  to  be  very  small,  the  quantity  Sf*vi 
double  the  area  of  the  very  small  triangle  swept  over  by  the  radius 
vector  during  such  unit.  This  area  is  called  the  areolar  wHoeUy  of 
the  planet,  and  is  a  constant,  by  Kepler^s  second  law.  llierefore, 
in  the  last  equation,  C  =  S  r^  represents  the  double  of  the  areolar 
velocity  of  the  planet.  When  the  planet  completes  an  entire  revo- 
lution, the  radius  vector  has  swept  over  the  whole  area  of  the 

ellipse  which  is  tt  a'  V'  1  —  e**    The  time  required  to  do  this  be- 

*  In  this  formula  n  represents  the  ratio  of  the  circumference  of  the 
circle  to  its  diameter. 
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1  swept  over  with  the  areolar  velocity  iOitJ 


The  quantity  2  IT  here  represents  3lf0°,  or  tho  whole  circuinr«reace,1 
which,  being  divided  by  T,  the  time  of  deBcriblng  it  will  give  th«  1 
mean  luiguliu'  velocity  of  the  pUaet  around  the  sun  which  we  har*  | 
called  n.    Therefore 


This  value  of  C  being  Bub«tituted  in  the  expreMton  for  8,  we  havs  1 


rv.    By  Eeplkr'b  third  law  J"  is  proportioned  to  a'  ;  that  iit,l 
— -  is  a  constant  for  nil  the  planete.     Tbe  numerical  value  of  thia  I 
ronstant  will  depend  npon  the  quantities  which  we  adopt  as  the  unit*    I 
of  time  and  distance.     If  we  take  the  year  as  the  unit  of  time  and 
the  mean  distance  of  tlie  earth  from  the  aun  as  that  of  distance,  T 
and  a  for  tbe  earth  will  both  be  unity,  and  the  ratio  —^  w 
lore  be  unity  for  all  the  planets.     Therefore 
a'  =  7';  a=  T^. 


'uare,  ue  $haU  ham  itt  Tnean  d*kan»^ 
Jivm  th*  tun  ia  unifi  of  the  rartX'i  dutanet. 

It  i«  thus  that  the  mean  distances  of  the  planets  are  determined 
in  practice,  tx^aiue,  by  n  long  aeries  of  observations,  the 
revolution  of  the  planets  have  been  determined  with  very  great  pre- 

V.   To  find  the  position  of  a  planet  we  must  know  the  epoch  at 
which  it  padsed  its  perihelion,  or  some  equivalent  quantity.     To    , 
find  its  position  at  any  other  time  let  r  be  the  time  which  has  elapsed  J 
•inca  pusisR  the  perihelion.     Then,  by  the  law  of  areas,  if  P  be  th«  J 
poattion  of  tne  planet  at  this  time  we  shall  have 


I 


Area  of  sector  PSv 
Ar«aof  whole  ellipse  ~ 
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I'liv  litUL-s  r  and  T  Uelug  Irotli  (pven,  tbe  prablem  'is  reduced  to 
ihiit  of  i^uttiDg  a  given  arpu  of  the  etlipue  bj  b  line  drawn  from  tile 
focus  to  Bome  point  of  its  circumftrrtnce  to  Ite  found.  This  'm 
known  at  Ketleb's  problem,  and  may  be  solved  by  analytic  geom- 
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etr;  aa  follows  :  Let  A  Bhe  the  major  axis  of  the  ellipse,  Pthe 
porition  of  tbe  planet,  and  S  that  of  the  focus  in  which  the  sun  is 
situated.  Ou  .4  it  as  a  diameter  describe  a  circle,  and  through  P 
dmw  the  right  line  P"  P  V  perpcndiculrir  to  A  B. 

The  srea  of  the  elliptic  sector  SPB.  over  which  the  radius  rector 
of  the  nlonet  bus  swept  since  the  planet  passed  the  p^lielion  at  B. 
is  equal  to  the  sector  6'P  if  minus  the  triangle  C  P  S.  Since  an 
el1ip»u  is  formed  from  a  circle  b;  shortening  all  the  ordinaies  in 
the  same  ratio  (namely,  the  ratio  of  the  minor  axis  !•  to  the  major 
axis  a),  it  follows  that  tbe  elliptic  sector  C PB  may  be  formed 
from  the  circular  sector  C  P"  Bbj  ahortening  nil  the  ordiuates  iu 
the  ratio  of  iJ  P  to  fl  J*,  or  of  a  to  ft.     Hence, 


Area  CPB:  a 


%  OP'S 


But  area  C P' B  =  angle  P'  0  B  x  {a\  taking  the  unit  r 
as  the  unit  of  angular  meaaure.  Hence,  putting  h  for  the  ai 
P"  OB  we  have 


Area  CPB  =  1  area  Oi*  J 

Agaiii,theareaof  the  triangle  CPSisequal to  }  base  C8  > 

titude  Pi).     AlaoPi)  =  -P-i),  and  P'Z>=CP'Maij  = 

Wherefore. 

P  Zj  =  ft  sin  H 
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By  tlie  fini  prindplai  of  oonic  aectiooB,  C  iS;  the  bue  of  the 
triftngle,  is  eq;iuil  to  a  «.    Hence 

Area  (7P/?=  faft/sinn, 
and,  from  (9)  and  (8^ 

Aiea  iSP  A  =  ^a  ft  («  -  tf  sin  «). 

Substituting  in  eqnstion  (1)  this  yslne  of  the  aector  area,  and 
ir  a  6  for  tlM  area  of  the  eUipae,  we  have 


or» 


«• 

—  ssin  « 
9ir 

r 

«  — 

>ssfai«  = 

a»^. 

From  this  equation  the  unknown  an^le  « is  to  be  found.  The 
equation  being  a  transcendental  one,  this  cannot  be  done  directly, 
but  it  may  be  rapidly  done  by  successive  approximation,  or  the 
Talue  of  u  may  be  developed  in  an  infinite  series. 

Next  we  wish  to  express  the  position  of  the  planet,  which  is  given 
by  its  radius  vector  8  P  and  the  anffle  B  S  P  which  this  radius 
vector  makes  with  the  major  axis  of  the  orbit.     Let  us  put 

r,  the  radius  vector  8P^ 

y*,  the  angle  B  SP,  called  the  true  anomaly. 

Then 

r  sin/  =  P/)  =  ft  sin  tt  (Equation  8), 

rcos/=^SD=  CD--  CS=  C  P  cosu  —  ae  =a  (cos  w  —  0, 

from  which  r  and  /can  both  be  determined.  B^  taking  the  square 
root  of  the  sums  of  the  squares,  they  give,  by  suitable  reduction  and 
putting  ft'  =  a«  (1  —  <J'), 

r=  tf  (1  —  dcostt), 

and,  by  dividing  the  first  by  the  second. 


bsmu  V\  —  «'  sm  u 

tan  f  =: = • 

•^       a  (cos  tt  —  «)  cos  V  —  € 

Putting,  as  before,  ir  for  the  loneitude  of  the  perihelion,  the  true 
longitude  of  the  planet  in  its  orbit  will  be/  +  t. 

VI.  To  find  the  position  of  the  planet  relatively  to  the  ecliptic, 
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the  iocUnation  of  the  orbit  to  the  ecliptic  has  to  be  taken  into  ac- 
count. The  orbits  of  the  several  larse  planets  do  not  lie  in  the 
same  plane,  but  are  inclined  to  each  other,  and  to  the  ecliptic,  by 
various  small  angles.  A  table  giving  the  values  of  these  angles 
will  be  given  hereafter,  from  which  it  will  be  seen  that  the  orbit  of 
Mercury  has  the  greatest  inclination,  amounting  to  7**,  and  that  of 
Uranui  the  least,  being  onl^  46'.  The  reduction  of  the  position  of 
the  planet  to  the  ecliptic  is  a  problem  of  spherical  trigonometry, 
the  solution  of  which  need  not  oe  discussed  here. 


CHAPTER    V. 


UNIVEKSAL  GRAVITATION. 
S  1.    NBWTOITS  LAWS  OP  HOTIOIT. 

The  eetablisbment  of  the  theory  of  universal  gntTitatioti 
fnroisUes  one  of  the  best  examples  of  seientitic  method 
which  is  to  l)e  fonnd.  We  diall  describe  its  leading 
features,  less  for  the  jnirpoee  of  making  known  to  the 
reader  the  technical  nature  of  the  prot-ese  than  for  illue- 
trating  the  true  theory  of  scientific  investigation,  and 
Allowing  that  such  investigation  hait  for  its  object  the  dis- 
covery of  what  we  may  call  generalized  facts.  Tlie  real 
t«st  of  progress  is  found  in  our  constantly  increased 
ability  to  foresee  cither  the  course  of  nature  or  the  efEecta 
of  any  accidental  or  artificial  combination  of  causes.  So 
long  as  prediction  is  not  possible,  the  desires  of  the  inves- 
tigator remain  unsatisfied.  When  certainty  of  prediction 
ts  once  attained,  and  the  laws  on  which  the  prediction  is 
founded  are  stated  in  their  simplest  form,  the  work  of 
Bcieuce  is  complete. 

The  whole  process  of  scientific  generalization  consists  in 
grouping  facts,  new  and  old,  under  such  general  laws  that 
they  are  seen  to  be  the  result  of  those  laws,  combined  with 
tboee  relations  in  space  and  time  which  we  may  suppose  to 
exist  among  the  material  objects  investigated.  It  is  essen- 
tial to  Bueh  generalization  that  a  single  law  shall  suffice  for 
grouping  and  predicting  several  distinct  facte.  A  law 
invented  simply  to  accoaut  for  an  isolated  fact,  boweveri 
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fteiieral,  cannot  be  regarded  in  science  ac  a  law  of  natnre. 
It  ma^',  indeed,  lie  true,  but  ite  trutli  cannot  l>e  proved 
nntil  it  is  shown  Ibat  several  distinct  fact«  can  be  accounted 
for  hy  it  better  than  by  any  otlier  law.  The  read«?r  will 
call  to  mind  the  old  fable  which  represented  the  earth  as 
supported  on  tlic  hack  of  a  tortoiBe,  but  totally  foi^t  that 
the  support  of  the  tortoise  needed  to  bo  accounted  for  as 
inucli  as  that  of  the  earth. 

To  the  pre-Newtonian  astronomers,  the  phenomena  of  the 
geometrical  laws  of  planetary  motion,  which  we  have  just 
described,  formed  a  group  of  facts  having  no  connection 
with  any  thing  on  the  earth.  The  epicycles  of  IIirrABciirs 
and  Ptolkmy  wore  a  truly  scientific  conception,  in  that  they 
explained  the  seemingly  erratic  motions  of  the  planets  by 
a  single  simple  law.  In  the  heliocentric  theoiy  of  Copkb- 
Nicrs  tliis  law  was  still  further  simplitied  by  dispensing  in 
great  part  with  the  epicycle,  and  replacing  tlje  latter  by  a 
■notion  of  the  earth  around  the  suu,  of  the  same  nature 
with  the  motions  of  the  planets.  But  CovKBSKrts  had  no 
way  of  ac<;ontiting  for,  cir  even  of  describing  with  rigor- 
ous accuracy,  the  small  deviations  in  the  motions  of  the 
planets  around  the  sun.  In  this  respect  he  made  no  real 
advance  upon  the  ideas  of  the  ancients. 

Kefi.kk,  iu  his  discoveries,  made  a  great  advance 
in  representing  the  motions  of  all  the  planets  by  a 
single  set  of  simple  and  easily  understood  geometrical 
laws.  Had  the  planets  followed  his  laws  exactly,  the 
theory  of  planetary  motion  would  have  been  substantially 
complete.  Still,  further  progress  was  desired  for  two 
reasons.  In  the  tirst  place,  the  laws  of  Kepler  did  not 
perfectly  represent  all  the  planetary  motions.  "NVlien  ob- 
servations of  the  greatest  accuracy  were  made,  it  was  found 
that  the  planets  deviated  by  small  amounts  from  tlie  ellipse 
of  Kepler.  Some  small  emendations  to  the  motions  com- 
puted on  the  elliptic  theory  were  therefore  necessary. 
Had  this  requirement  been  fulfilled,  still  another  step 
would  have  been  desirable — namely,  that  of  connecting  the 
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iutiona  of  the  planets  with  motion  upon  tlic  uartli,  uiti] 
ledufiug  them  to  the  sanie  lawB. 

Notwithstanding  the  great  step  which  Kei-ler  made  in 
describing  the  celestial  motions,  he  unveiled  none  of  the 
great  nivBtery  in  which  they  were  enshrouded.  This  mye- 
tery  was  then,  to  nil  appearance,  impenetrable,  becanso 
Bot  the  6h'ght€st  likeness  could  he  perceived  between  the 
celestial  motions  and  motions  on  the  surface  of  the  earth. 
Tlie  difficulty  was  recognized  hy  the  older  philosophers  in 
die  division  of  motions  into  *' forced"  and  "natural." 
'Tlio  latter,  they  conceived,  went  on  perpetually  from  the 
^ery  nature  of  things,  while  the  former  always  tended  to 
icease.  So  wlien  Kei'I,eb  said  that  observation  showed  the 
Ikw  of  planetary  motion  to  be  tliat  aronnd  the  circum- 
ference of  an  ellipse,  as  asserted  in  his  law,  he  said  all  that 
it  seemed  possible  to  learn,  supposing  the  statement  per- 
fectly exact.  And  it  was  all  that  conld  ho  learned  from  thft 
mere  study  of  the  i)ianelar.'  mntioiis.  In  finier  to  comiect 
lQii»e  motions  with  thoBO  on  the  earth,  the  next  step  was  to 
Mndy  tlie  laws  of  force  and  motion  hero  around  us.  Sin- 
^ar  though  it  may  appear,  the  ideas  of  the  ancients  on 
this  BDbjoct  were  far  more  erroneous  than  their  ctmcep- 
Ikona  of  the  motions  of  the  planets.  We  might  almost  eay 
^fitat  before  the  time  of  Galileo  scarcely  a  single  correct 
UGH  of  the  laws  of  motion  was  generally  entertained  by 
BCD  of  learning.  There  were,  indeed,  one  or  two  who  in 
fliis  respect  were  far  ahead  of  their  age.  Lwinaroo  t>.< 
ViNa,  the  celebrated  painter,  was  noted  in  this  respect. 
&Dt  the  correct  ideas  entertained  by  him  did  not  seem  to 
nuke  any  headway  in  the  world  until  the  early  part  of 
Khe  seventeenth  century.  Among  those  wlio,  I>efore  the 
Hme  of  Newton,  prepared  the  way  for  the  theory  in 
qnention,  Gaulbo,  HuYonKKS,  and  Hookk  are  entitled  to 
Wpccia]  mention.  As,  however,  we  cannot  develop  the 
.luBtory  of  this  subject,  we  must  pass  at  once  to  the  gen- 
iWal  laws  of  motion  laid  down  by  Newton.  These  wero 
tliree  in  number. 
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Law  First ;  Every  body  pn:«erveii  iU  Ha/«  of  rest  or  o^   ] 
uniform  motion  in  a  right  /*>!*•,  unless  it  is  eom/peUed  to 
change  fJutt  utate  hy  forces  trnj^^ssed  thereon. 

It  wafi  fonuGrly  eupposed  that  a  body  acted  on  bj  no 
force  tended  to  rome  to  rest.  Here  lay  one  of  the  great- 
est difficulties  wliich  the  predecessors  of  ^Ewnjs  fonnd, 
in  accounting  for  the  motion  of  the  planets.  The  idea 
that  tho  sun  in  some  way  cauped  these  motions  was  enter- 
tained from  the  oarheet  times.  Even  FioLtiMv  had  a 
vague  idea  of  a  force  which  was  always  directed  toward 
the  centre  of  the  earth,  or,  wliich  was  to  Itim  the  same 
thing,  toward  the  centre  of  the  universe,  and  which  not 
oniy  caused  heavy  Indies  to  fall,  but  hound  tlie  whole  tmi- 
verse  together.  Kepler,  again,  distinctly  affirms  the  ex- 
istence of  a  gravitating  force  by  which  the  sun  acts  on  the 
planets  ;  but  he  snpposed  tliat  the  sun  ninst  also  exercise 
an  impulsive  forward  force  to  keeji  the  planets  in  uiotion. 
The  reason  of  this  incorrect  idea  was,  of  course,  that  all 
bodies  in  motion  on  the  surface  of  the  earth  had  pnictically 
come  to  rest.  But  what  was  not  clearly  seen  before  tlie 
time  of  Nkwton,  or  at  least  before  Galileo,  was,  that  this  - 
arose  from  the  inevitable  resisting  forces  which  act  upon 
all  moving  bodies  around  us. 

Law  Second  :  The  alteration  of  motion  ta  ever  propor- 
tion^ to  the  moving  force  impressed,  and-  is  made  in  the 
direction  of  the  right  line  in  which  that  force  acts. 

The  first  law  might  be  considered  as  a  particular  case  of 
this  second  one  aiising  when  the  force  is  supposed  to  van- 
ish. The  accuracy  of  both  laws  can  be  proved  only  by 
\ery  carefully  conducted  experiments.  They  are  aow 
considered  as  mathematically  proved. 

Law  Third  :  To  every  acfi&n  t/iere  is  always  opposed  o*i 
egucU  reaction  ;  or  the  mutual  actions  of  two  bodies  upoti 
each  other  are  always  equal,  and  in  opposite  directions. 

Ttiat  is,  if  a  body  A  acts  in  any  way  upon  a  body  S, 
B  will  exert  a  force  exactly  equal  ou  A  in  the  uppc 
direction. 
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These  la^ra  oDce  established,  it  became  possible  to  calcu- 
Ute  the  motion  of  any  body  or  ajBtein  of  bodies  when  once 
the  forces  which  act  on  tbein  were  known,  and,  vi<se  versa, 
to  define  what  forces  were  requisite  to  produce  any  given 
motion.  The  qaestion  which  presented  itself  to  the  mind 
of  Newton  and  his  contemporaries  was  this  :  Under  what 
Xa\e  of  force  will  pfaneis  tnove  round  Ute  »un  in  accord- 
ttnoe  fciih  Kepler's  laws  t 

The  laws  of  central  forces  had  been  discovered  by  Hdt- 
IER9  eome  time  before  Newton  commenced  hie  re- 
Bearchee, -and  there  was  one  result  of  them  which,  taken  in 
connection  with  Kepleb'u  third  law  of  motion,  was  so 
obvious  that  no  mathematician  could  have  had  much  diffi- 
culty in  perceiving  it.  Supposing  a  body  to  move  around 
in  a  circle,  and  putting  E  the  radius  of  the  circle,  T  the 
period  of  revolution,  Hittouenb  showed  that  the  centrifugal 
force  of  the  body,  or,  which  is  the  same  thing,  the  attract- 
ive force  toward  the  centre  which  would  keep  it  in  the 

circle,  was  proportional  to  =i-     But  by  Kepler's  third 

law  T^  \A  proportional  to  Jf.     Therefore  this  centripetal 

force  is  proportional  to  -j^„  that  is,  to  -^.     Thus  it  fol-  ] 

lowed  imine<iiately  from  Kepler's  third  law,  that  the  | 
central  force  which  wonld  keep  the  planets  in  their  or- 
bits was  inversely  as  the  square  of  the  distance  from  the 
mn,  supposing  each  orbit  to  be  circular.  The  first  law  of 
motion  once  completely  understood,  it  was  evident  that 
the  planet  needed  no  force  imi>ellirg  it  forward  to  keep 
vp  its  motiou,  but  tliat,  once  started,  it  would  keep  on 
forever. 

The  next  step  was  to  solve  the  problem,  what  law  of 
force  will  make  a  planet  describe  an  ellipse  around  the 
Bun,  having  the  latter  in  one  of  its  foci  ?  Or,  supposing 
a  planet  to  move  round  the  sun,  the  latter  attracting  it 
with  a  force  inversely  as  the  square  of  tlic  distance  ;  what 
will  he  the  form  of  tlie  firbit  of  the  planet  if  it  is  not  cir- 
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cular  ?  A  solntion  of  either  of  these  prohleiiiB  was  beyond 
the  power  of  matheinaticianB  before  the  time  of  I^ewtok  ; 
and  it  thus  remained  uncertain  whether  the  planets  mov- 
ing under  the  influence  of  the  sun's  gravitation  would  or 
would  not  describe  ellipses.  Unable,  at  first,  to  reach  a 
satisfactory  solution,  Newton  attacked  the  problem  in 
another  direction,  starting  from  the  gravitation,  not  of 
the  sun,  but  of  the  earth,  as  explained  in  the  following 
section. 


§  2.  GRAVITATION  IN  THE  HEAVENS. 

The  reader  is  probably  familiar  with  the  story  of  New- 
ton and  the  falling  apple.  Although  it  has  no  authorita- 
tive foundation,  it  is  strikingly  illustrative  of  the  method 
by  which  Newton  first  reached  a  solution  of  the  problem. 
The  course  of  reasoning  by  which  he  ascended  from  grav- 
itation on  the  eai-th  to  the  celestial  motions  was  as  follows  : 
We  see  tliat  there  is  a  force  acting  all  over  the  earth  by 
which  all  bodies  are  drawn  toward  its  centre.  This  force 
is  familiar  to  every  one  from  his  infancy,  and  is  properly 
called  gravitation.  It  extends  without  sensible  diminution 
to  the  tops  not  only  of  the  highest  buildings,  but  of  the 
highest  mountains.  TTow  much  higher  does  it  extend  f 
Whv  should  it  not  extend  to  the  moon  ?  If  it  does,  the 
moon  would  tend  to  drop  toward  the  earth,  just  as  a  stone 
tlirown  from  the  hand  drops.  As  the  moon  moves  round 
the  earth  in  her  monthly  course,  there  must  be  some  force 
drawing  her  toward  the  earth  ;  else,  by  the  first  law  of 
motion,  she  would  fly  entirely  away  in  a  straight  line.  Why 
should  not  the  force  which  makes  the  apple  fall  be  the 
same  force  wliich  keeps  her  in  her  orbit  ?  To  answer  this 
question,  it  was  not  only  necessary  to  calculate  the  intensity 
of  the  force  which  would  keep  the  moon  herself  in  her 
orbit,  but  to  compare  it  with  the  intensity  of  gravity  at  the 
earth's  surface.  It  had  long  been  known  that  the  distance 
of  the  moon  was  about  sixty  radii  of  the  earth.     If  this 
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iorce  ditniniehed  aa  the  inverse  square  of  the  distance, 
tfaeo,  at  the  moon,  it  vonld  be  only  ygVir  "^  great  as  tA 
the  surfcce  of  the  earth.  On  the  eiirth  a  Ijody  falls  eix- 
leen  feet  in  a  eecond.  If,  then,  the  tlieory  of  gravitatiiin 
were  correct,  tlie  moon  oiiglit  to  fall  toward  the  earth. 
j^f^  of  this  nmonnt,  or  ahmit  -^  of  an  inch  in  a  second. 
The  moon  being  in  motion,  if  we  imagine  it  moving  in  ^ 
B  rniglil  line  at  the  beginning  of  any  second,  it  onght  it>- 
be  drawn  away  from  that  line  ^  of  an  inch  at  the  end  of 
the  second.  When  the  calculation  was  made  with  the 
correct  distance  of  the  moon,  it  was  found  to  agree  ex- 
actly with  tliie  result  of  theory.  Tims  it  was  shown  that 
the  force  which  holds  the  moon  in  iier  orbit  is  the  same 
■which  makca  the  stone  fall,  only  diminished  as  the  inverei 
•qnare  of  the  distance  from  the  centre  of  the  earth.* 

Ab  it  appeared  tliat  the  central  forces,  both  towanl  thi 
enn  and  toward  the  earth,  varied  inversely  as  the  squares 
of  the  distances,  Newtijn  proceeded  to  attack  the  mathe- 
matical problems  involved  in  a  more  systematic  way  than 
any  of  his  predecessors  had  done.  Kkplek's  second  law 
■howed  that  the  line  drawn  from  the  planet  to  the  sun 
will  describe  eijiml  areas  in  eiinal  times.  Newton  showed 
that  this  coidd  not  1h3  true,  unle^  the  force  which  held 
the  planet  was  directed  toward  tlie  sun.  We  have  already 
ctated  that  the  third  law  showed  that  the  force  was  in- 
Tenely  as  the  8(]nare  of  the  distance,  and  thus  agreed  ex- 
actly with  the  tlieory  of  gravitation.     It  only  remained  t» 

*It  Is  a  remarkable  fact  In  the  hiatory  of  scieooe  tliat  Nbwton 
would  liave  reached  Ihis  resull  twenty  years  sooner  than  he  did,  bad 
he  not  bcrn  misled  by  ndoptiDg  an  erroneous  value  of  llie  earth's  diame. 
tpr.  His  HrHl  ultcntpt  to  compute  Ihe  earth's  gravitalion  at  Ihe  distance 
of  Uio  moiiu  woMmndein  IWA,  when  he  was  only  twenty-ihree  years  of 
age.  Al  that  time  ho  suppused  tliHtadegrec  on  the  earth's  surface  was 
•Uiy  statuie  miles,  and  was  in  conacquenee  led  to  erroneous  rwulls  by 
■upposing  the  earth  to  be  smaller  and  Ihe  moon  nearer  than  Ihey  realty 
■wen.  He  therefore  did  not  make  puhlic  his  ideas  :  but  iweniy  years 
lBt«r  he  learoed  from  the  measures  of  Pccard  in  France  wlinl  the  true 
dimtelcT  of  the  earth  was,   when  he  repeated  his  calculalinn  with 
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consider  the  reevlte  of  the  first  law,  that  of  the  elliptic 
motion.  After  long  and  laborious  efforts,  Newtox  wbb 
enabled  to  demonstrate  rigoronelv  that  this  law  also  re- 
sulted from  the  law  of  the  inverse  square,  and  could  resnlt 
from  no  other.  Thus  ail  mystery-  disappeared  from  the 
celestial  motions  ;  and  planets  were  shown  to  l»e  simply 
heavy  liodies  moving  according  to  the  same  laws  that  were 
acting  here  around  us,  only  under  verj-  different  circum- 
stances. All  three  of  Kepler's  laws  were  embraced  in 
the  single  law  of  gravitation  toward  the  eun.  The  sun 
attracts  the  planets  as  the  earth  attracts  bodies  here 
around  iib. 

Mutual  Action  of  the  Planets.  —It  remained  to  extend 
and  prove  the  theory  by  considering  the  attractions  of  the 
planets  themselves.  By  Xewtun's  third  law  of  motion, 
each  pliuiet  must  attract  the  sun  with  a  force  equal  to  that 
which  the  sun  exerts  upon  the  planet.  The  moon  also 
must  attract  the  earth  as  much  as  the  earth  attracts  the 
moon.  Such  being  the  case,  it  must  be  highly  probable 
that  the  planets  attract  each  other.  If  so.  Kepler's  laws 
can  only  be  an  approximation  to  the  truth.  Tlie  sun, 
being  inunensely  more  masuvu  than  any  of  rlie  planets, 
overpowers  their  attraction  upon  each  other,  and  makes 
the  law  of  elliptic  motion  very  nearly  true,  But  still  the 
comparatively  small  attraction  of  the  planets  must  cause 
some  deviations.  Now,  deviations  from  the  pure  elliptic 
motion  were  known  to  exist  in  the  case  of  several  of  the 
planets,  notably  in  that  of  the  moon,  which,  if  gravitation 
were  universal,  must  move  under  the  influence  of  the  com- 
bined attraction  of  the  earth  and  of  the  sun.  Newton, 
therefore,  attacked  the  complicated  problem  of  the  deter- 
mination of  the  motion  of  the  moon  under  the  combined 
action  of  these  two  forces.  He  showed  in  a  general  w&y 
that  its  deviations  would  be  of  the  same  nature  as  those 
shown  by  observation.  But  the  complete  solution  of  the 
problem,  which  required  the  answer  to  be  expressed  * 
numherp.  was  beyond  his  power. 


ATTRACTION  OF  ORAVITATION.  13»J 

OrsTitation  Besides  in  each  Particle  of  Hatter. — Still  1 
•nother  qnestioD  arose.     Were  tliese  mutually  attractive  1 
forces  reeident  in  the  centres  of  the  several  bodies  attracted, 
or  in  eacli  particle  of  tLe  matter  composing  them  i    New- 
TOK  showed  that  tlie  latter  must  be  the  case,  becaiige  the 
Btnallefit   bodies,    as  well  as  the  largest,   tended    to  foil 
toward   the  earth,  thus  showing  an  equal  gravitation  in 
every  separate  part.      The   question   then   arose  :    what   , 
would   be  the  aotiori  of   the  earth  upon   a  body  if   the 
bod_v  was  attracted — not  toward  the  centre  of  the  earth 
aloDG,  but  toward  every  particle  of  matter  in  the  earth  I 
It  was  shown  bv  a  quite  simple  mathematical  demonstra- 
tion that  if  a  planet  were  on  the  surface  of  the  earth  op 
outside  of  it,  it  would  be  attracted  with  the  same  force  as 
if  the  whole  mass  of  the  earth  were  concentrated  in  i 
centre.     Putting  together  the  variouB  resnlts  thus  arrived 
at,  Newton  was  able  to  fonnulato  his  great  law  of  uni- 
Tersal  gravitation  in  these  comprehensive  words  :  "Every   . 
particle  of  matter  in  the  universe  attracts   every  oth«r 
jfariid^  -with  a  force  direcUy  as  the  masses  of  the  two  ; 
partideg,   and   imiersely  aa  the  square  of  the  diatanM   i 
which  separates  tKem.^^ 

To   ehuw   the   nature  of  the  attractive  forces  among  1 
thew  various  particles,  let  us  represent  by  m  and  wi'  the  . 
masees  of  two  uttraeting  bodies.     We  may  conceive  the 
body    m  to   be  composed  of  m  particles,  and  the  oilier 
body  to  bo  composed  of  m!  particles.    Let  us  conceive  that 
each  particle  of  the  one  body  attracts  eacli  particle  of  the 

other  with  a  force  -j  ■     Then  every  particle  of  m  will  be 

attnwied  by  each  of  the  m'  particles  of  the  other,  and 
therefore  the  total  attractive  force  on  each  of  these  tn  par- 

tictee  will  be  -j.     Each  of  the  m  particles  being  equally  | 

Bobject  to  this  attraction,  the  total  attractive  force  between 

the  two  bodies  will  be  ■     When   a  given   force  acta 
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upon  K  body,  it  will  produoe  !««  motion  the  larger  the 
body  is,  tlie  accelerating  force  being  proportional  to  the 
total  attracting  force  divided  by  the  mafls  of  the  body 
moved.  Tlierefore  the  aecelerating  force  which  acts  on  the 
body  m\  uiid  wliich  determines  the  amount  of  motion,  will 

be  -j ;  and  conversely  the  accelerating  force  acting  on  the 
body  wi  will  be  represented  by  the  fraction  —y. 

g  S.    FBOBLEUB  OF  aRAVITATIOir. 

The  problem  solved  by  Newton,  considered  in  its  great- 
est generality,  was  this  ;  Two  bodies  of  which  the  maseea 
are  given  are  projected  into  space,  in  certain  directions,  and 
with  certain  velocities.  What  will  be  their  motion  onder 
the  iiitliieiico  of  their  mutual  gravitation  i  If  their  rela- 
tive motion  does  not  exceed  a  certain  dchnite  amount,  they 
will  each  revolve  around  their  common  centre  of  gravity 
in  an  cUipse,  as  in  the  case  of  planetary  motions.  If,  how- 
ever, the  relative  velocity  exceeds  a  certain  hniit,  the  two 
bodies  will  separate  forever,  each  describing  around  the 
common  centre  of  gravity  a  curve  having  infinite  branches. 
Theee  curves  are  found  to  be  parabolas  in  the  case  where 
the  velocity  is  exactly  at  the  limit,  and  hyperbolas  when 
the  velocity  exceeds  it.  Whatever  corves  may  be  de- 
scribed, the  common  centre  of  gravity  of  the  two  bodies 
will  be  in  the  focus  of  the  curve.  Thns,  when  restricted 
to  two  boJieB,  the  problem  admits  of  a  perfectly  rigorous 
mathematical  sohition. 

Ha^-ing  succeeded  in  solving  the  problem  of  planetary 
motion  for  the  case  of  two  bodies,  Newton  and  hi^  aon- 
tcmporarjes  very  naturally  desired  to  effect  a  similar  solu- 
tion for  the  case  of  three  bodies.  The  problem  of  motion 
in  our  solar  system  is  that  of  the  mutual  action  of  a  great 
number  of  Iwdies ;  and  having  succeeded  in  the  case  of 
two  bodies,  it  was  necessary  next  to  try  that  of  three. 
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Thas  aroee  tlie  celebrated  problem  of  tLree  bodies.  It  iB 
fonnd  tbitt  no  rigorous  and  general  Bolntion  of  this  problem 
is  possible.  The  curves  described  by  the  several  bodies 
woalc],  in  general,  be  so  complex  as  to  defy  matlicmatical 
detinitiou.  But  in  tlie  spet^ial  t^ee  of  niotioiie  in  the  &olar 
Bj-steiii,  the  problem  admitfiof  being  solved  by  approxima- 
tion witb  any  required  degree  of  accuracy.  The  princi- 
ples involved  in  tliissystemof  approximation  may  be  com- 
pnreil  to  tliose  involved  in  extracting  the  square  root  of 
any  minibcr  which  is  not  an  exact  square  ;  2  for  instance. 
The  square  root  of  2  cannot  be  exactly  expressed  either 
by  a  decimal  or  %'ulgar  fraction  ;  but  by  increasing  the 
nnml)er  of  figures  it  can  be  espreseed  to  any  required  limit 
of  approximation.  Ttiue,  tlie  vulgar  fractions  j,  ^J,  ^^, 
et«,,  are  fractions  which  approach  more  and  more  to  the 
required  quantity  ;  and  by  using  larger  numbers  the  errors 
of  RUch  fraction  may  be  made  as  small  as  we  please.  So,  in 
using  decimals,  we  diminish  the  error  by  one  tenth  for  eve- 
ry decimal  we  add,  but  never  reduce  it  to  zero,  A  procesB 
of  the  same  nature,  but  immensely  more  complicated,  has 
to  be  used  in  computing  the  motions  of  the  planets  from 
their  mutnal  gravitation.  The  possibility  of  such  an  ap- 
proximation arises  from  the  fact  that  the  planetary  orbits 
are  nearly  circular,  and  that  their  masees  are  very  small 
compared  with  that  of  the  smi.  The  first  approximation 
is  that  of  motion  in  an  ellipse.  In  this  way  the  motion  of 
a  planet  through  several  revolutions  can  nearly  always  be 
predicted  within  a  small  fraction  of  a  degree,  though  it 
may  wander  widely  in  the  course  of  centuries.  Then  sup- 
pose each  planet  to  move  in  a  known  ellipse  ;  their  mutual 
attraction  at  each  point  of  tlieir  respective  orbits  can  be 
expresse<l  by  algebraic  fonnula?.  In  constructing  these 
formuls,  the  orbit*  are  first  supposed  to  be  circular  ;  and 
afterward  account  is  taken  by  several  succeasive  steps  of 
Iho  eccentricity.  Having  thus  found  approximately  their 
action  on  each  other,  the  deviations  from  the  pure  elliptic 
motion  pnidaced  by  this  action  may  be  approximately  cal- 
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cnlutcil.  This  being  done,  the  motions  will  be  more  exact- 
ly detcnnined,  and  the  mataal  aetion  can  be  more  exactlj' 
calculated.  Tims,  iLe  process  can  be  carried  on  step  by 
step  lu  any  degree  of  precision  ;  but  an  enormoujs  anionnt 
of  calenlatioii  is  necessary  to  satisfy  the  reqaireuieuts  of 
modem  times  with  reiipuct  to  precisiua.*  As  a  general 
rale,  every  successive  step  in  the  approximation  is  lunch 
more  laborious  than  all  the  precedin^r  ones. 

To  understand  the  principle  of  astronomical  investiga- 
tion into  the  motion  of  the  planets,  the  distinction  be- 
tween observed  and  theoretical  moliyns  must  be  borne  in 
mind.  When  the  astrxmumer  with  liis  raeridian  circle  de- 
termines the  jiosition  of  a  planet  on  the  celestial  sphere, 
that  position  is  an  observed  one.  When  he  calculates  it,  for 
the  same  instant,  from  theory,  or  from  tables  founded  oa 
the  theory,  the  result  will  be  a  calailated  or  theoretical 
position.  The  two  are  to  be  regarded  as  separate,  no  mat- 
ter if  they  should  be  exactly  the  same  in  reality,  because 
they  have  an  entirely  different  origin.  But  it  must  be  re- 
membered tliat  no  position  can  be  calculated  from  theory 
alone  independent  of  observation,  because  all  sound  theory 
requires  some  data  to  start  with,  which  observation  &lone 
can  fnrtush.  In  the  case  of  planetary'  motions,  these  data 
are  the  elements  of  the  planetary  orbit  alivady  described, 
or,  which  amounts  to  the  same  thing,  the  velocity  and  di- 
rection of  the  motion  of  the  planet  as  well  as  its  mass  at 
some  given  time.  If  these  quantities  were  once  given 
with  mathematical  precision,  it  would  be  possible,  from  the 
theory  of  gravitation  alone,  withont  recourse  to  observa- 
tion, to  predict  the  motions  of  the  planets  day  by  day 
and  generation  after  generation  with  any  required  degree 
of  precision,  always  supposing  that  they  are  subjected  to  no 
influence  e.\cept  their  mutual  gravitation  according  to  the 
law  of  NicwTON,  But  it  is  impossible  to  determine  the 
elements  or  the  velocities  without  recourse  to  observation  ; 

*  In  the  works  of  tliu  great  nutthcmBtii^ians  on  this  subject,  algebraic 
fonnulffi  extcndint;  tlirough  iiuuiy  pagus  mv  eumetimtia  given. 
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ind  however  correctly  tlmy  may  seemingly  be  determinet 
for  tlie  time  being,  eiibseqneiit  observatioua  always  ehow'l 
them  to  have  been  more  or  leaa  in  error.  Tlie  reod^fl 
mnet  underetand  t)iat  no  astronomical  observation  can  be  I 
ciatbemulieally  exact.  Both  the  iostrumente  and  thai 
observer  are  snbjected  to  ioflneneee  which  prevent  mora  I 
tluin  ui  approximation  being  attained  from  any  one  ^ 
observation.  The  great  art  of  the  astronomer  consists  in 
so  treating  and  combining  bis  observations  as  to  cliniinate 
their  errors,  and  give  a  result  as  near  the  truth  as  possible. 
When,  by  thus  combining  liis  olreervations,  the  astrono- 
mer has  obtained  the  elements  of  the  planet'a  motion  wliidi 
lie  considers  to  be  near  tLe  truth,  he  calculates  from  them 
s  series  of  positions  of  the  planet  from  day  to  day  in  the 
future,  to  be  compared  with  subsoquDnt  observations.  If 
ho  denrcs  his  work  to  be  more  pennanu-nt  in  its  nature, 
hu  may  <^ou£truct  tables  by  which  the  position  can  he  de- 
termined at  any  future  time.  Having  thus  a  series  of  the- 
oretical or  calculated  placos  of  the  planet,  he,  or  others. 
will  compare  his  predictions  with  observation,  and  from 
the  differences  deduce  corrections  to  Iiis  elements.  Wo 
jnay  say  in  a  rough  way  tliat  if  a  planet  has  been  obeerved 
through  a  certain  number  of  years,  it  is  possible  to  calculate 
its  place  for  an  equal  number  of  years  in  advance  with 
some  approach  to  precision.  Accurate  observations  aru 
commonly  supposed  to  commence  with  Bkadley,  Astrou- 
onier  Royal  of  Kugland  in  1750.  A  century  and  a  qiiartcr 
having  elapsed  since  that  time,  it  is  now  possible  to  coci- 
■Iruct  tables  of  the  planets,  wliich  we  may  expect  to  be 
tolerably  accurate,  until  the  year  2000,  But  this  is  a 
pomibility  rather  than  a  reaUty.  The  amount  of  calcu- 
talion  re<iuired  for  such  work  is  so  unmense  as  to  be  en- 
tirely beyond  the  power  of  any  one  person,  and  hence  it  is 
ouly  when  a  mathematician  is  able  tu  command  the  scr- 
Tloee  of  others,  or  when  several  mathematicians  in  some 
way  combine  for  an  object,  that  the  best  astnut'iLnical 
tabled  can  hereafter  l)e  constructed. 
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8  4.    RESUIiTS  OF  GKAVITATIOIT.  ^" 

From  what  wtt  liave  fuud,  it  will  be  Been  lh:il  the  problem 
of  tlie  niotiuus  of  tlie  planets  nnder  the  iuHueoce  of  grav- 
itation has  called  forth  all  the  skill  of  themathematieiiinB 
who  have  attacked  it.  Tliey  actually  find  theiiiselvefi  able 
to  reach  n  ^tntion.  which,  ao  far  a&  the  matheniatics  of  the 
subject  are  concerned,  may  be  true  for  many  oenturies,  but 
not  a  solution  which  shall  be  true  for  all  time.  Among 
thoee  who  have  brought  the  solution  eo  near  to  perfec- 
tion, La  Place  is  entitled  to  the  tirsl  rank,  aUboagh  there 
are  others,  eepecially  La  Graxgk,  wlioare  fully  worthy  to 
1k!  named  along  with  him.  It  will  be  of  interest  to  state 
the  general  results  reached  by  these  and  other  mathema- 
ticians. 

We  call  to  mind  that  but  for  the  attraction  of  the 
planets  upon  each  other,  every  planet  would  move  around 
the  sun  in  an  invariable  ellipse,  according  to  Keplek's 
laws.  The  deviations  from  this  elliptic  motion  produced 
by  their  mutual  attraction  are  csX[gA  j>er: iirhativfie.  When 
they  were  investigated,  it  was  found  that  they  were  of  two 
classes,  which  were  denominated  respectively  perloHlc 
peHitrbaiione  and  secular  variations. 

Theperitniui  perturbations  consist  of  nscillatious  depend- 
ent upon  the  mutual  positions  of  the  planets,  and  there- 
fore of  eotuparatively  short  period.  Wlienever,  after  a 
number  of  revolutions,  two  planets  return  to  the  same 
position  in  their  orbits,  the  periodic  perturbations  are  *if 
the  same  amount  so  far  as  these  two  planets  are  concerned. 
They  may  therefore  he  algebraically  expressed  as  depend- 
ent upon  the  longitude  of  the  two  planets,  the  distnrbing 
one  and  the  distiirl)ed  one.  For  instance,  the  perturba- 
tions of  the  eartli  produced  by  the  action  of  Mermry 
depend  on  the  longitude  of  the  earth  and  on  that  of  Mer- 
cury. Those  produced  by  the  attraction  of  Venus  de- 
pend upon  the  longitude  of  the  earth  and  uu  that  of 
Venua,  and  ao  on. 
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Tlie  natilar peHiirl/ntiun^,  or  secular  vuriiitiom  aa  they 
aro  comiiioiily  callod.  consist  of  slow  changes  in  the  foniu 
and  )>o«ition!4  of  tlie  several  orbits.  It  is  found  tiiat  the 
perihelia  of  all  the  orbits  are  slowl^r  changing  tlieir  ap- 
parv'nt  directions  from  thu  sun  ;  that  the  ecceiitricitips  of 
somo  are  increasing  and  of  others  ditnioisliiiig  ;  and  that 
the  positions  of  the  orbits  are  also  changing. 

One  of  the  firtt  (juestions  which  arose  in  reference  to 
tbcee  secolar  variatiuus  was,  will  they  go  on  indufinitely  I 
It  they  frtinnld,  they  would  evidently  end  in  the  suhvci'sion 
of  the  aolar  t-rstem  nnd  the  destruction  of  all  life  npon  the 
earth.  The  orbite  of  the  earth  and  planets  would,  in  the 
coarse  of  ages,  liecoine  so  eccentric,  that,  approaching 
nuftr  the  snu  at  one  time  and  receding  far  away  from  it  at 
another,  the  variations  of  temperature  would  bo  dcstmc- 
live  to  life.  Tills  problem  was  firat  solved  by  La  Gkanqb. 
He  siiowod  that  the  changes  could  not  go  on  forever,  but 
that  each  eccentricity  would  always  be  t-untincd  between 
two  (juite  narrow  limits.  His  results  may  be  expressed 
by  a  lery  simple  goometrica!  construction.  Let  S  rcpre- 
:  che  sun  situauxi  iu  the  focns  of  the  i:IUpjf  in  whicll 
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the  planet  moves,  and  let  C  be  the  centre  of  the  ellipBe. 
Let  a  straight  line  iS'  B  emanate  from  the  sun  to  B, 
another  line  pass  from  B  to  P,  and  so  on  ;  the  numlwr  of 
these  lines  being  equal  to  that  of  the  planets,  and  the  lust 
one  terminating  in  t'.  the  centre  of  the  ellipse.  Then  the 
line  S  B  will  be  moving  around  the  snn  with  a  very  slow 
niotiun  ;  £  D  will  move  around  B  with  a  slow  motion 
eome\vhHt  different,  and  so  each  one  will  revolve  in  the  J 
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Bailie  nmiiinT  until  we  rencli  tha  line  which  carriw  on  iU 
eud  thu  centre  of  ttic  ellipse.  These  motiuiict  are  so  slow 
that  some  of  them  require  tens  of  thousandK,  and  others 
hundreds  of  thoiisands  of  yeare  to  perform  the  I'evolnlion. 
By  the  combined  luoiiyn  of  tliem  all,  the  centre  of  the 
ellipse  describes  a  somewhat  irregular  curve.  It  is  evi 
dent,  however,  that  the  distance  of  the  centre  from  the 
ann  can  never  be  greater  than  the  sum  of  these  revolving 
lines.  Now  this  diBtance  shows  tlie  eccentricity  of  the 
ellipse,  which  is  equal  to  half  the  difference  between  tlie 
greatest  and  least  distances  of  the  planet  from  the  sun. 
The  perihelion  being  in  the  direction  CS,  on  the  opposite 
side  of  the  sun  from  C,  it  is  evident  that  the  motion  of 
V  will  carry  the  perihelion  with  it.  It  is  found  in  tliis 
way  that  the  eccentricity  of  the  earth's  orbit  lias  been 
diujinishing  for  alioiit  eighteen  thousand  yeare,  and  will 
continue  to  diiutuisli  for  twcnty-tive  thousand  years  to 
come,  when  it  will  ba  more  nearly  circular  than  any  orbit 
of  our  system  now  is.  But  before  becoming  quite  circu- 
lar, the  eccentricity  will  begin  to  increase  again,  and  so  go 
on  oscillating  inilciiiiitely- 

Soculsr  AocDlaration  of  the  Uoon. —  Another  remark- 
able result  reached  by  iiiathentatical  research  is  that  of  the 
acceleration  of  the  moon's  motion.  More  than  a  centary 
ago  it  was  found,  by  comparing  the  ancient  and  modem 
observations  of  the  moon,  that  the  latter  moved  around  the 
eiirth  at  a  slightly  greater  rate  than  she  did  in  andent 
times.  The  existence  of  this  acceleration  was  a  source  of 
great  perplexity  to  La  Grange  and  La  P[.ace.  because 
they  thought  that  they  had  demonstrated  matheinaticany 
that  tlie  attraction  could  not  have  accelerated  or  retJWidS 
the  mean  motion  of  the  moon.  But  on  conlinning  his  in- 
vestigation, La  Place  found  that  there  was  one  cause 
which  he  omitted  to  take  account  of — namely,  the  secular 
diminution  in  the  eccentricity  of  the  earth's  orbit,  of 
which  we  have  just  spolven.  He  found  that  this  change 
in  the  eccentricity  would  slightly  alter  the  action  of  the 
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inn  upon  the  moon,  and  that  this  alteration  of  action 
would  he  such  that  so  long  as  the  eccentricity  grew 
nnaller,  the  motion  of  the  moon  would  continue  to  be  ac- 
celerated. Computing  the  moon's  acceleration,  he  found  it 
to  be  equal  to  ten  seconds  into  the  square  of  the  number 
of  centuries,  the  law  being  the  same  as  that  for  the  motion 
of  a  falling  body.  That  is,  while  in  one  century  she  would 
be  ten  seconds  ahead  of  the  place  she  would  have  occupied 
had  her  mean  motion  been  uniform,  she  would,  in  two 
oentaries,  be  forty  seconds  ahead,  in  tlirec  centuries  ninety 
seconds,  and  so  on  ;  and  during  the  two  thousand  years 
which  have  elapsed  since  the  observations  of  IIipparchus, 
the  acceleration  would  be  more  than  a  degree.  It  has  re- 
cently been  found  that  La  Place's  calculation  was  not  com- 
plete, and  that  with  the  more  exact  methods  of  recent  times 
the  real  aeeeh^ration  computed  from  the  theory  of  gravita- 
tion is  only  about  six  seconds.  The  observations  of  ancient 
eclipses,  however,  compared  with  our  modem  tables,  show 
an  acceleration  greater  than  this  ;  but  owing  to  the  rude 
and  doubtful  character  of  nearly  all  the  ancient  data,  there 
is  some  doubt  about  the  exact  amount.  From  the  most 
celebrated  total  eclipses  of  the  sun,  an  acceleration  of  about 
twelve  seconds  is  deduced,  while  the  o])servation8  of 
Ptolemy  and  the  Arabian  astronomers  indicate  only  eiglit 
or  nine  seconds.  There  is  thus  an  apparent  discrepancy 
between  theory  and  observation,  the  latter  giving  a  larger 
value  to  the  acceleration.  This  difference  is  now  accounted 
for  by  supposing  that  the  motion  of  the  earth  on  its  axis 
is  retarded — that  is,  tliat  the  day  is  gradually  growing 
longer.  From  the  modem  tlieory  of  friction,  it  is  found 
that  the  motion  of  the  ocean  under  the  influence  of  the 
moon's  attraction  which  causes  the  tides,  must  be  accom- 
panied with  some  friction,  and  that  this  friction  nmst  re- 
tard the  earth's  rotation.  There  is,  however,  no  way  of 
determining  the  amount  of  this  retardation  unless  we 
assume  that  it  causes  the  observed  discrepancy  between 
the  theoretical  and  observed  accelerations  of  the  moon. 


Ilowtliis  effect  is  produced  will  be  seen  by  reflecting  tliat 
if  tlie  liny  is  coutimially  growing  longer  withontour  know- 
ing it,  our  observations  of  the  moon,  wliicli  we  may  soppose 
to  be  made  at  noon,  fur  example,  will  be  constantly  made  3 
little  later,  because  the  interval  from  one  noon  to  another 
will  be  continually  growing  a  little  longer.  TUe  moon  con- 
tinually moving  forward,  the  ol>servation  will  place  her  fur- 
tlier  and  further  ahead  than  she  would  have  been  ol«erved 
bad  tlicre  been  no  retardation  of  the  time  of  noon.  If  in 
the  course  of  ages  oar  noon-dials  get  to  be  an  hour  too 
late,  wf  nhould  find  the  moon  ahead  of  ber  calcnlated  place 
by  one  hour's  motion,  or  about  a  degree.  The  present 
theory  of  acceleration  is,  therefore,  that  the  moon  is  really 
accelerated  about  six  seconds  in  a  century,  and  tliat  the 
motion  of  the  earth  on  its  axis  is  gradually  diminishing 
at  such  a  rate  as  to  prodnce  an  apparent  additional  ac- 
cetenition  which  may  range  from  two  to  eix  seconds. 


8  6. 


The  real  nature  of  the  great  din«)very  of  Newton  is  so 
frequently  misunderstood  that  a  little  attention  may  be 
given  to  its  elocidation.  Gravitation  is  frequently  spoken 
of  as  if  it  were  a  theory  of  Newton's,  and  very  generally 
received  by  astronomers,  but  still  liable  to  be  nltimately 
rejected  as  a  great  many  other  theoiies  have  been.  Not 
infrequently  people  of  greater  or  less  intelligence  are 
found  making  great  efforts  to  prove  it  erroneous.  Every 
])rominent  scientific  institution  in  the  woi-ld  frequently 
receives  essays  having  this  object  in  view.  Now,  the  fact 
is  that  Newton  did  not  discover  any  new  force,  but  only 
showed  that  the  motions  of  the  heavens  could  be  accounted 
for  by  a  force  which  we  all  knew  to  exist,  Gravitatiou 
(T^tin  tjravita? — weight,  heaviness)  is,  properly  cpeaking, 
the  force  which  makes  all  bodies  here  at  the  surface  nf  the 
earth  tend  to  fall  downward  j  and  if  any  one  wishes  t" 
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subvert  the  theory  of  gravitation,  he  must  begin  by  prov- 
ing that  this  force  does  not  exist.  This  no  one  wonld 
think  of  doing.  What  2iEWT0N  did  was  to  show  that 
this  force,  which,  before  his  time,  had  been  recognized 
only  afi  acting  on  the  snrface  of  the  earth,  really  extended 
to  tJte  heavens,  and  that  it  resided  not  only  in  the  earth 
itself,  bnt  in  the  heavenly  bodies  also,  and  in  each  particle 
of  matter,  however  situated.  To  put  the  matter  in  a  terse 
fomi,  what  Newton  discovered  was  not  ffraviiation,  but 
the  univergaliti/  of  gravitation. 

It  may  be  inqnired,  is  the  induction  which  supposes 
gravitation  universal  so  complete  as  to  be  entirely  beyond 
QonbL  i  We  reply  that  within  the  solar  sy^'tetn  it  certainly 
is.  The  laws  of  motion  as  established  by  observation  and 
experiment  at  the  surface  of  tbe  earth  must  be  considered 
■8  mathematically  certain.  Now,  it  is  an  observed  fact 
that  the  planetH  in  their  motions  deviate  from  straight 
liuee  in  a  certain  way.  By  the  first  law  of  motion,  such 
deviation  can  be  produced  only  by  a  force  ;  and  the  direc- 
tioD  and  inteneity  of  this  force  admit  of  being  calculated 
onne  that  the  motion  is  determined.  When  thus  calculated, 
it  is  found  to  be  exactly  represented  by  one  great  force 
constantly  directed  toward  the  sun,  and  smaller  subsidiary 
forces  directed  toward  the  several  planets.  Therefore, 
no  fact  in  nature  is  more  firmly  established  than  is  that  of 
aniversal  gravitation,  as  laid  down  by  Newton,  at  least 
within  the  solar  system. 

We  shall  find,  in  describing  double  stare,  that  gravita- 
tioo  is  also  found  to  act  between  the  components  of  a  great 
Bomber  of  such  stars.  It  is  certain,  therefore,  that  at 
least  some  stars  gravitate  toward  each  other,  as  the  bodies 
of  the  solar  system  do  ;  but  the  distance  which  separates 
most  of  the  stars  from  each  other  and  from  our  sun  is  so 
immense  that  no  evidence  of  gravitation  between  them 
has  yet  been  given  by  observation.  Still,  that  they  do 
gravitate  according  to  Newton's  law  cjin  hardly  be  seri- 
onsly  doubted  hy  any  one  who  understands  the  subject. 


I 

I 

I 
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Tiie  reader  may  now  be  snppOBed  to  6ee  tlie  abenrdity  of 
supposing  that  the  theory  of  gravitation  can  ever  he  suh- 
veited.  It  is  not,  however,  afteurd  to  suppose  that  it  may 
yet  be  shown  to  be  the  result  of  some  more  treneraj  law. 
Attempts  to  do  this  are  made  from  time  to  time  by  men 
of  a  philoeophie  spirit ;  but  thus  far  no  theory  of  the  siib- 
joct  having  the  slightest  probability  in  its  favor  lias  been 
propounded. 

Perhaps  one  of  the  most  celebrated  of  these  theories  ia 
that  of  Gkiiboe  Lewis  Le  Saqe,  a  Swiss  physicist  of  the 
last  century.  Be  supposed  an  infinite  number  of  ultra- 
mundane corpuscles,  of  transcendent  minuteness  and  veloc- 
ity, traversing  space  iu  straight  lines  in  all  directions.  A 
single  body  placed  in  the  midst  of  such  an  ocean  of  mov- 
ing corpuscles  would  remain  at  rest,  since  it  would  beeqnal- 
ly  impelled  in  every  direction.  But  two  liodies  would  ad- 
vance toward  each  otiier,  because  each  of  them  would 
screen  the  other  from  these  corpuscles  moving  in  the 
straight  lino  joining  their  centres,  and  there  would  be  a 
slight  excess  of  corpuscles  acting  on  that  side  of  each 
body  which  was  turned  away  from  the  other.* 

Oue  of  the  commonest  conceptions  to  account  for  grav- 
itation is  that  of  a  fluid,  or  ether,  extending  through  all 
space,  which  is  supposed  to  be  animated  by  certain  vibra- 
tions, and  forms  a  vehielc.  as  it  were,  for  the  transmission 
of  gravitation.  This  and  all  other  theories  of  the  kind 
are  subject  to  the  fatal  objection  of  proposing  complicated 
systems  to  account  for  the  most  simple  and  elementary 
facts.  If,  indeed,  such  systems  yrere  otlierwise  known  to 
exist,  and  if  it  could  he  shown  that  they  really  would 
produce  the  effect  of  gravitation,  they  would  be  entitled 
to  reception.  Ent  since  they  have  been  imagined  only  to 
account  for  gravitation  itself,  and  since  there  is  no  proof 
of  their  existence  except  that  of  accounting  for  it,  they 

•  Reference  may  be  made  to  an  artide  on  the  kinetic  Uicoriea  of 
gravltatioQ   by  William   B.  Taylor,  in  tbe   Bmithsonian   Report  for 
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are  not  entitled  to  any  weight  whatever.  In  the  present 
state  of  science,  we  are  jnstified  in  regarding  gravitation  as 
an  nltimate  principle  of  matter,  incapable  of  alteration  by 
any  transformation  to  which  matter  can  be  subjected. 
The  most  carefnl  experiments  show  that  no  chemical  pro- 
cess  to  which  matter  can  be  snbjected  either  increases  or 
diminishes  its  gravitating  principles  in  the  slightest  degree. 
We  cannot  therefore  see  how  this  principle  can  ever  bei 
referred  to  any  more  general  canse. 


CHAPTER  VI. 

THE  MOTIONS  AND  ATTEACTION  OF  THE  MOON. 

Each  of  the  planets,  except  Mercury  and  Venvs,  b  at- 
tended by  one  or  more  satellites,  or  moons  as  they  are  some- 
times familiarly  called,  These  objects  revolve  around  their 
several  planets  in  ntarly  circular  orbits,  accoinpanjnng  theni 
in  their  revoliitionsaronnd  the  eun.  Their  dietauces  from 
their  planets  are  very  small  compared  wHth  tlie  distances 
of  the  latt«r  from  each  other  and  from  the  sun.  Their 
magnitiidee  also  are  very  email  compared  with  those  of  the 
planets  around  which  they  revolve.  Where  there  are 
several  satellites  revolving  around  a  planet,  the  whole  of 
these  bodies  fonns  a  small  system  similar  to  the  solar  sys- 
tem in  arrangement.  Considering  each  system  by  itself, 
the  satellites  revolve  around  tiieir  central  planets  or 
"primaries,"  in  nearly  circular  orbits,  much  as  the  planets 
revolve  around  the  sun.  But  each  system  is  carried  around 
the  sun  without  any  serious  derangement  of  the  motion 
of  its  several  bodies  among  themselves. 

Our  earth  has  a  single  satellite  accompanjing  it  in  this 
way,  the  familiar  moon.  It  revolves  around  the  earth  in 
a  little  less  than  a  month.  The  nature,  causes  and  eon- 
sequences  of  this  motion  form  the  subject  of  the  present 
chapter. 

THE   MOON'S    MOTIONS   ANI)   PHASES. 

That  the  moon  performs  a  monthly  circuit  in  the  heav- 
ens is  a  fact  with  which  we  are  all  familiar  from  child- 
hood.    At  certain  times  we  see  her  newly  emerged  from 


I  Mmmy  OF  riTJ!  moon.  153 

ftestin'e  r%>-8  in  the  western  twilight,  and  then  we  call 
)fiBr  the  new  moon.  On  each  succeeding  evening,  we  see 
per  further  to  the  east,  bo  that  in  two  weeks  she  is  oppo- 
fAe  the  Eiin,  n'siiii;  in  the  cast  as  he  seta  in  the  west, 
pontinning  her  conrse  two  weeks  more,  she  hiis  approached 
Be  snn  on  t)ic  other  side,  or  from  the  west,  and  is  unco 
bjore  lost  in  his  r-tys.  Attho  end  of  twenty-nine  or  thirty 
Ihye,  we  see  lier  again  emerging  as  new  moon,  and  her  ctr- 
bnit  is  complete.  It  is,  however,  to  be  remembered 
pat  tlie  sun  has  T)een  apparently  moving  toward  the  east 
jjinong  the  6l;ir8  during  the  whole  month,  so  that  during 
Hie  interval  from  one  new  moon  to  the  next  the  moon  has 
lo  nuike  a  complete  circuit  relatively  to  the  stars,  and 
inove  forwiird  some  30°  fnrther  to  overtake  the  sun.  The 
tevolnlion  of  tin- moon  among  the  stars  is  perfonned  in 
Ibout  27J  days,*  so  that  if  we  observe  when  the  moon  is 
nery  near  some  star,  we  shall  find  her  in  the  same  position 
ielative  to  the  star  at  the  end  of  this  interval. 

The  motion  of  the  moon  in  this  circuit  differs  from  the 
toparent  motions  of  the  planets  in  being  always  forward. 
We  have  seen  that  tlie  planet*,  thongh,  on  the  whole,  moT- 
1^  directly,  or  toward  the  eiist,  are  afft-ctcd  with  an  sip- 
Mrent  retrograde  motion  at  certain  intervals,  owing  to  the 
notion  of  the  earth  around  the  sun.  But  the  enrtli  is  the 
eal  centre  of  the  moon's  motion,  and  cnrriefi  the  moon 
Icmf;  with  it  in  its  annual  revolution  aronnd  the  sun.  To 
fcrni  a  correct  idea  of  the  real  motion  of  these  three 
todies,  we  must  imagine  the  earth  performing  its  circuit 
Vonnd  the  mm  in  one  year,  and  carrying  with  it  the  moon, 
rtiich  makes  a  revolution  around  it  in  27  days,  at  a  distanco 
poly  abont  f^  that  of  the  sun. 

U  In  Fig.  55  suppose  S  to  represent  the  sun,  the  large 
prcle  to  represent  the  orbit  of  the  earth  around  it,  E  to 
position  of  the  earth,  and  the  dotted  circle  to  rep- 
le  orbit  of  the  moon  around  the  earth.     We  ranst 

•  Morecsflolly.  27  iWl'W', 
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iuiagiue  tlie  latter  to  carry  tliU  circle  with  it  in  its  an- 
nual I'oiinje  .iriHiiKj  the  &un.  Suppuee  tliiit  when  the  earth 
is  at  L'  the  ukkhi  is  at  M.  Thwi  if  the  earth  move  to 
E^  ill  27^  days,  the  moon 
will  liave  made  a  complete 
revolution  relative  to  the 
Btare — that  is,  it  will  he  at 
J/„  the  line  E,  M,  being  p^- 
alle!  to  E  M.  But  new- 
moon  will  not  have  arrivefl 
again  be<'ause  the  son  ia  not 
in  tlio  same  direction  as  l>e- 
fore.  The  moon  tiiust  move 
through  the  additional  arc 
J/^,  EM„  and  a  little  more, 
owing  tu  the  continual  ad- 
vance of  the  earth,  before  it 
will  again  be  new  moon. 
Pboaee  of  the  Uoon. — The  moon  being  a  non-luminous 
body  shincB  only  by  reflecting  the  light  falling  on  her 
from  some  other  body.  The  principal  Bource  of  light  is 
tlie  sun.  Since  the  moon  is  spherical  in  shape,  the  sun 
can  illuminate  one  half  her  surface.  The  appearance  of 
the  moon  variea  according  to  the  amoimt  of  lier  illnmi- 
nated  hemisphere  whicli  ie  turned  toward  the  earth,  as 
can  be  seen  by  studying  Fig.  56.  Here  the  centra! 
globe  IB  the  earth  ;  the  circle  around  it  represents  the  orbit 
of  the  moon.  The  rays  of  the  Bun  fall  on  both  earth  and 
moon  from  the  right,  the  distance  of  the  Bun  being,  on  the 
scale  of  the  figure,  some  30  feet.  Eight  positions  of  the 
moon  are  shown  around  the  orbit  at  A,  E,  C.  etc.,  and 
the  right-hand  hemisphere  of  the  moon  is  illuminated  in 
each  position.  Outeide  these  eight  positions  are  eight 
others  showing  how  the  moon  looks  as  seen  from  the  earth 
in  each  poBltion. 

At   A   it   is   "new   moon."    the   moon   being   nearly 
between   the  earth   and    the  sun.     Its  dark   hemisphere 
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is  then  turned  toward  tin;  ttanb, 
iiivbible. 

At  JFthe  observer  oii  the  earth  sees  about  a  fourth  of   I 
the  illuminated  hemisphere,  which  looke  like  a  crescent, 
as  ^hown  in  the  ontgide  d^ure.     In  this  position  a  great 
deal  of  light  is  reflected  from  the  earth  to  the  i 
dering  the  dark  part  of  the  latter  ridhle  by  n  gray  ''gbt- 


This  appearance  is  sometimes  called  the  "old  moon  in 
the  new  moon's  arras." 

At  f  the  moon  is  said  to  be  in  her  "  first  quarter,"  and 
one  half  lier  illuminated  hemisphere  is  visible. 

At  0  three  fourtiis  of  the  ilhiminated  hemisphere  is 
Tisible.  and  at  B  the  whole  of  it.  The  latter  position,  when 
the  moon  is  opposite  the  sun,  is  called  "  full  moon," 

After  this,  at  //,  D,  F,  the  same  appuaranccs  are  re- 
peated in  the  reversed  order,  tli«  position  D  being  called 
the  "  last  quarter." 


Tile  four  jmiicijHil  piinseti  of  the  ujoon  are,  "New 
moon,"  "  First  ijiiartur,"  "  Full  moou,"  "  Last  qunrter," 
whicli  occur  m  regular  and  unending  Bucceesiou,  at  inter- 
vals of  between  7  uutl  8  dayg. 


g2.  T3B  aim's  DiaTunfinTa  fobce. 
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Theilistanceeof  the  sun  and  planets  being 
great  compared  witL  that  of  the  moou,  their  attraction 
upon  the  earth  and  the  moon  is  at  all  times  very  nearlj? 
equal.  Now  it  is  an  elementary  principle  of  mechanies 
that  if  two  l>odiea  are  acted  upon  hy  equal  and  j»anillel 
forces,  no  matter  liow  gitat  these  forces  may  l>e,  lite 
bodies  will  mcivo  relatively  to  each  other  as  if  those  forres 
did  not  uct  ut  all,  thougli  of  coarse  the  absolute  motion  of 
eacli  will  be  ilifferent  from  what  it  otherwise  would  bc. 
If  wc  calculate  the  absolute  attraction  of  the  sun  BpOCI 
moon,  we  shall  find  it  to  be  abont  twice  as  great  " '"'"' 
tlie  earth,  because,  although  it  is  sitnated  at  400  til 
'  distance,  its  mass  is  about  330,000  tlmos  as  great  a* 
the  tivth,  and  if  we  divide  tliis  mass  by  the  scjoare 
distance  400  wc  have  2  as  tlje  quotient. 

To  those  unacquainted  witli  mechanics,  the  diflftcalj 
often  suggests  itself  tliat  the  sun  ought  to  draw  tlio 
away  from  the  earth  entirely.  But  we  are  to  remember 
that  the  sun  attracts  tliG  earth  in  the  same  way  that  it  at- 
tracts the  moon,  so  tLi;,t  the  difference  l^etweca  the  sun's 
attraetiou  on  the  nioim  and  on  the  earth  is  only  a  small 
fraction  of  the  attract-on  between  the  earth  and  the  moon  * 
As  a  consequence  of  tliese  forces,  the  moon  moves  around 
the  earth  nearly  as  if  neither  of  them  were  attracted  by 

*  III  lliis  ninpHrigfiD  oF  tlie  altrnctlve  tarcm  of  the  sun  upon  Itie 
rnunn  uuii  U[iou  the  emtli,  tlie  reader  will  remcmbrr  '±al  we  are  spvak 
iug  not  of  iJie  adtolute  force,  but  of  what  is  called  the  aensUratioa  lorei', 
whifh  is  properly  tlio  ratio  of  the  Absolute  force  to  the  mass  of  llw 
liiidy  aunicltii.  Til-  eiirlh  liavioR  80  limes  the  ninss  ot  the  muito.  lUe 
sua  must  of  luursi;  aflracl  it  with  W)  (:mes  the  ulisoluie  force  lu  onto 
to  produce  Uie  uuue  uiulion,  or  Hie  same  ueceleruUng  force. 
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the  son — that  is,  D«aj-ly  in  an  tsllipiw,  having  the  earth  iitl 
its  focUB.  But  there  ia  always  a  small  differeiicfi  between 
the  attractive  furcee  of  the  Ban  upon  the  moon  and  upun  the 
earth,  and  this  difference  constitutes  a  disturbing  force 
which  makes  the  moon  deviate  from  the  eUiptic  orbit 
which  it  would  otherwise  describe,  and,  in  fact,  keei>s  the 
eUipee  whicli  it  approximately  describes  in  a  state  of  con- 
eiant  change. 

A  more  precise  iden  of  the  manner  in  which  the  sun  'listurbs  the 
motion  of  the  moon  around  the  earth  nmy  lie  KU'htrcd  from 
Fig,  57.  Here  S  represents  the  bud,  and  the  circle  P  Q  M  N  repre- 
■enta  the  orbit  of  the  moon.  First  aupposc  tlie  moon  at  ..V,  the  ^i- 
tioa  corresponding  to  new  moon.  Then  the  moon,  being  uesrer  to 
the  lUD  than  the  earth  \».  will  be  attracted  more  pnwerfiiUy  b;  it 
tlian  the  cartli  is.  It  will  therefore  be  drawn  hwhv  from  the  earth, 
or  ihe  sctioD  of  the  sun  will  t«nd  to  separate  the  two  bodies. 


Kext  snppose  the  moon  at  ^thu  position  corresponding  to  full 
oon.  Here  the  action  of  the  8iin  upon  the  earth  will  be  more 
powerful  than  upon  the  moon,  and  the  earth  will  in  eonHLiiuenci!  he 
dntnn  sway  from  tbe  moun.  In  this  position  also  tlic  ttTuct  of  the 
diKnibing  force  is  to  nepnrate  liie  two  bodies.  If,  on  the  other 
hand,  tlie  moon  is  ni-ar  the  first  ijiiarter  or  near  Q,  the  sun  wilt  exert 
•  nearly  equtil  attraction  on  both  bodies ;  and  ince  the  lines  of  at- 
tnielion  E  S  and  §  ^  "'^n  converge  toward  S.  it  follows  that  there 
will  be  a  lendeney  to  bring  the  t»o  bodies  together  The  same 
will  evidently  lie  true  at  the  third  iiimrter.  Hence  the  inlluenee  of 
thf  disturbing  force  changes  bHck  and  forth  twice  in  the  course  of 
Mch  luoar  month. 

The  disiitrbmg  force  in  <|Ueslion  may  he  constructed  for  any  po- 
■iuon  of  the  moon  in  its  orbit  in  the  following  way,  which  ia  ho- 
lieved  to  be  due  to  Hr.  R.  A.  Pkoctoh  :  Ixt  if  l<c  the  position  of 
the  moon  ;  let  us  represent  the  sun's  attrnelion  U{Hm  it  by  the  lino 
J/  S.  nnd  let  us  iavestigale  what  line  will  ri'present  the  sun's  nttraC' 
.tlob  upuci  the  enrth  on   thii  oumc  bchIc.     From  J/ drop  the  perpeO' 
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dicular  M  P  upon  the  line  E  8  joining  the  sun  to  the  earth.  This 
attraction  being  inversely  as  the  square  of  the  distance,  wc  sliall 
have, 

Attactjon  on  t^rth  __  SIT 

Attraction  on  moon  ^  SB*' 

We  have  taken  the  line  8  M  itself  to  represent  the  attraction  on 
the  moon,  so  that  we  have 

Attraction  on  moon  =  8M. 

Multiplying  the  two  equations  member  by  member,  we  find, 


Attraction  on  earth  =  8M  x 


ISi^"* 


The  line  5  M  is  nearly  equal  to  8  P,  so  that  we  may  take  for  an 
approximation  to  the  required  line, 

8  P*  S-P*  1 

8P  X  ?-U^  =  8Px     ^  _       _  .=-.  =  SPx  -         ^ 


sn;^  {SP+PBy  /      PE 


/        PE\* 
(}^8P) 


=  57>(l-2:^+etc.), 


the  last  equation  being  obtained  by  the  binomial  theonn.    But 

PE 
the   fraction    - -p  is  so  small,  being  less  than  ^i^,  that  its  powers 

above  the  first  will  be  small  enough  to  be  neglected.     8o  we  shall 
have  for  the  required  line, 

SP^2EP. 

If,  therefore,  we  take  the  point  A  so  that  P  A  shall  be  equal  to  2 
E  P,  the  uttraction  of  the  sun  upon  the  earth  will  on  the  same  scale  he 
represented  by  tlie  line  A  8.  The  disturbing  force  which  we  seek 
is  represented  by  the  difference  between  the  attraction  of  the  sun 
upon  the  earth  and  that  of  the  same  body  upon  the  moon.  If  then 
we  suppose  the  force  ^  5  to  be  applied  to  the  moon  in  the  opposite 
direction,  the  resultant  of  the  two  forces  M  8  and  8  A  will  repre- 
sent the  disturbing  force  required.  By  the  law  of  the  composition 
of  forces,  this  resultant  is  represented  by  the  line  If  A. 

We  are  thus  enabled  to  construct  this  force  in  a  very  simple  man- 
ner, when  the  moon  is  in  any  given  position.  When  the  moon  is 
at  N,  the  line  N  A  will  be  equal  to  2  EM;  the  disturbing  force 
will  therefore  be  represented  by  twice  the  distance  of  the  moon. 
On  the  other  hand,  wiien  the  moon  is  at  Q  the  three  points  J^iV 
and  A  will  all  coincide.  Hence  the  disturbing  force  which  tends 
to  bring  the  moon  toward  the  earth  will  be  represented  by  the  line 
Q  E ;  hence  the  force  w^hich  tends  to  draw  the  moon  a  way  from  the 
earth  at  new  and  full  moon  is  twice  as  great  as  that  which  draws 


^p  hfldiM  together  at  the  quartera.  Conaeguently,  upon  the  whole, 
'"f  lendeno}'  of  the  miu'e  attraction  is  to  diminbh  the  attraction  of 
'it  earth  upon  the 

%  a.    HOnOH  OF  THE  UOON'S  NODES. 

AmoDg  the  changes  which  the  bud'b  attraction  produces 
in  the  moon's  orhit,  that  which  intereE.ts  us  most  is  the 
constant  variation  in  the  plane  of  the  orl)it.  This  plune 
is  in<]icated  by  the  path  which  the  moon  seems  to  describe 
in  its  circuit  around  the  celestial  sphere.  Simple  naked 
eye  estimates  of  tlie  moon's  position,  continued  during  a 
month,  would  show  that  her  path  waa  always  quite  near 
the  ecliptic,  because  it  would  be  evident  to  the  eje  that, 
like  the  enn,  she  was  much  farther  north  while  passing 
from  the  vernal  to  the  autumnal  equinox  than  while  de- 
scribing the  other  half  of  her  circuit  from  the  autumnal 
to  the  vernal  equinox.  It  would  be  seen  that,  Uke  the 
eiin,  slie  was  fartlicst  north  in  about  mx  hoiirs  of  riglit  as- 
cension, and  fai-thest  south  when  in  about  eighteen  houri 
of  right  ascension. 

To  map  ont  the  path  with  greater  precision,  we  have  to 
observe  the  position  of  the  moon  from  night  to  night  with 
a  meridian  circle.  We  thus  lay  down  her  course  among 
the  stars  in  the  same  manner  that  we  have  formerly  shown 
Ible  to  lay  down  the  sun's  path,  or  the  ecliptic.  It 
found  that  the  path  of  the  moon  may  Ijc  considered 
gteait  circle,  making  an  angle  of  5°  with  the  ecliptic, 
■nd  crossing  the  ecliptic  at  this  small  angle  at  two  oppo- 
eite  points  of  the  heavens.  These  points  are  called  the 
moon's  nod-ia.  The  point  at  which  she  passes  from  the 
eoutli  to  the  north  of  the  ecliptic  is  called  the  aaci-ndinjf 
nadf ;  that  in  which  she  passes  from  the  north  to  the 
aoatb  IH  the  descending  fiod«.  To  illustrate  the  motion  of 
the  moon  near  the  node,  the  dotted  line  a  a  may  be  taken 
u  showing  the  path  of  the  moon,  while  the  cmiles  show 
her  position  at  succegsive  intervals  of  one  hour  as  she  ia  ap. 
proaching  her  ascending  node.   Position  numlier  9  is  exactly 


I 
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at  the  node.     If 
(continue  following 
course  in  this  way; 
a  week,  we  sUoulii  I 
that    she    bad    mow 
about  90°,  luid  attaj  j 
ber  greatest  north  1 
tiidu   at    5"    from 
ecliptic.     At   the 
of   another   week, 
should    find    that  she 
had  rotiirned     to    the 
a    ecliptic  and  crossed  it 
I    at  )ic-r  descending  node. 

*  At  the  end  of  the  third 
o    iveek  very  nearly,  we 

*  should  find  that  she  had 
a  made  three  foiirtlis  the 
i.  circuit  of  the  heavens, 
J.    and   was   now   in    her 

greatest  south  latitude, 
being  5°  south  of  the 
ecliptic.  At  the  enJ 
of  six  or  seven  daj? 
more,  we  sbould  again 
find  her  crossing  the 
ecliptic  at  her  ascend- 
ing node  as  before.  We 
may  tliua  conceive  of 
four  cardinal  point*  of 
the  moon's  orbit,  90° 
apart,  marked  by  the 
two  nodes  and  the  two 
points  of  greatest  north 
and  south  latitude. 
Kotion  of  the  UtoAm, 
remarkable  proi^ 
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erty  of  these  points  is  that  they  are  not  tixed,  but  are  L-on- 
fltantiy  moving.  The  general  motion  ia  a  little  irregular^ 
but,  leaving  uut  suiiill  irregularities,  it  is  oonstaiitly  toward 
the  west.  Thus  returning  to  our  watch  of  the  course  irf 
the  UKKJU,  wo  should  flud  that,  at  lier  next  return  to  thu 
iscendiitg  node,  she  wonld  uot  descrihu  the  Une  aa  aa 
before,  but  the  line  bh  about  one  fourth  of  a  diameter 
north  of  it.  Slie  would  therefore  reach  the  ecliptic  mors 
tiiaii  1^''  west  of  the  preceding  point  of  crossing,  and  lier 
other  tsrdiual  points  would  be  found  1^°  fartiier  west  » 
ehe  went  ai-ound.  On  her  next  return  she  would  describe 
the  line  cc,  then  the  line  d  li,  etc.,  indelinitely,  each  line 
being  farther  toward  tlie  west,  Tlie  figure  shows  the 
pathft  ht  five  consecutive  returns  to  the  node. 

A  lajjse  of  nine  yiiars  will  bring  the  descending  node 
iround  to  tho  place  which  was  tlefore  occupied  by  the 
ascending  node,  and  thus  we  shall  liavc  the  moon  croseing 
at  a  small  inclination  toward  the  south,  as  Ehown  in  the 
figure. 

A  complete  revolution  of  the  nodes  takes  place  in  18-6 
years.  After  the  lapse  of  this  period,  the  motion  is  re- 
peated ill  the  same  maimer. 

One  conewjuence  of  tliis  motion  is  that  the  mnon,  after 
kftving  a  node,  roaches  the  same  node  again  sooner  than 
die  completes  her  true  circuit  in  the  heavens.  Ilow  nmch 
sooner  is  readily  computed  from  the  fact  that  the  retro- 
g^rade  motion  of  the  node  auionnta  to  1°  26'  31"  during 
Uie  period  that  the  moon  is  returning  to  it.  It  takes  the 
moon  about  two  hours  and  a  half  (more  exactly  0''.10l)44) 
to  move  through  this  distance ;  consequently,  comparing 
with  the  sidereal  period  already  given,  we  lind  that  the 
return  of  the  moon  to  her  node  takes  place  in  27''.32166 
—  0*.10944  =  27''. 21222.  Tliis  time  will  be  important  to 
m  in  considering  the  recurrence  of  eclipses. 

In  Fig.  69  is  illustrated  the  effect  of  these  changea  in 
the  poeitiou  of  the  moon's  orbit  upon  her  motion  rela> 
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aauator.  E  here  represente  the  vemal  and 
A  the  autumnal  equinox,  sitnated 
180°  apart.  In  Maroli,  18T6, 
the  moon's  aecending  node  cor- 
responded with  the  vemai  equi- 
nox, and  her  de^icending  node 
witli  tlie  aiitnmnal  one.  Conse- 
quently she  was  5°  nortli  of  the 
ecliptic  when  in  b!x  honre  of 
rif{lit  aeceiieion  or  near  the  mid- 
dle of  the  figure.  Since  the 
ecliptic  ia  '2^^°  north  of  the 
equator  at  this  point,  the  moon  at- 
tained a  jnaximnrn  declination  of 
28i°  ;  she  therefoi-e  parsed  nearer 
the  zenith  wlien  in  six  hours 
of  right  aecen(«ion  than  at  any 
n  other  time  during  the  eighteen 
H  years'  jieriod.  In  tlie  language 
of  tlie  almanac,  "  the  moon  ran 
liigb."  Of  conree  when  at  her 
gi'eatest  distance  south  of  the 
equator,  in  tlie  other  half  of  her 
orbit,  she  attained  a  correspond- 
ing south  declination,  and  cul- 
minated at  a  lower  altitude  than 
she  had  for  eighteen  years.  In 
1885  the  nodes  will  change  places, 
and  the  orbit  will  deviate  from 
the  equator  less  than  at  any  other 
time  during  the  eighteen  yeare. 
In  1S80  the  descending  node  will 
be  in  six  hours  of  right  ascension, 
and  the  greatest  angular  distance 
of  the  moon  from  the  eqw 
equal  to  that  of  the  sun. 
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If  the  siin  exerted  no  disturbing  force  on  the  moon,  the 
latter  would  move  round  the  eanh  in  an  ellipse  according 
to  Kepler's  laws.  But  the  difference  of  the  Ban's  attrac- 
tion on  the  earth  and  on  the  mtion,  though  only  a  small 
fraction  of  the  earth's  attractive  force  on  the  moon,  is  yot 
6o  great  as  to  produce  deviations  from  the  elliptic  motion 
very  much  greater  than  occur  in  the  motions  of  the  planets. 
It  also  produces  rapid  changes  in  the  elliptic  orbit.  The 
most  remarkable  of  these  changes  are  the  progressive 
motion  of  the  nodes  just  described  and  a  corresponding 
motion  of  the  perigee..  Referring  to  Fig.  52,  which  illns- 
tmted  the  elliptic  orbit  of  a  planet,  let  ns  suppose  it  to 
represent  the  orbit  of  the  moon.  5  will  then  represent 
the  earth  instead  of  the  sun,  and  n  will  be  the  lunarywr- 
igtt^  or  the  point  of  the  orbit  nearest  the  earth.  But, 
instead  of  remaining  nearly  fixed,  as  do  the  orbits  of  the 
planets,  the  hmar  orbit  itself  may  be  considered  as  making 
I  revolution  round  the  earth  in  about  nine  years,  in  the 
aame  direction  as  the  moon  itself.  Hence  if  we  note  the 
longitude  of  the  moon's  peristec  at  any  time,  and  again 
two  or  three  years  later,  we  shall  find  the  two  positions 
quite  differt-nt.  If  we  wait  four  years  and  a  half,  we  shall 
find  the  perigee  in  directly  the  opposite  point  of  the 
he&vens. 

The  eccentricity  of  the  moon's  orbit  is  about  0.055,  and 
in  consequence  the  moon  is  about  6°  aliead  of  its  mean 
place  when  90°  pant  the  perigee,  and  about  the  same  dis- 
tance behind  when  lialf  way  fi-oin  apogee  to  perigee. 

The  disturbing  action  of  the  sun  produces  a  great  num- 
ber of  other  incr|naltties,  of  which  the  largest  are  the 
evevtion  and  the  variation.  The  fonner  is  more  than  a 
defcree,  and  the  latter  not  much  less.  The  fomiulte  by 
which  they  are  expressed  belong  to  Celestial  Mechanics, 
and  the  reader  who  desires  to  stndy  them  is  referred  to 
works  on  that  subject. 


I 
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ASTROyoMY. 


6.    BOTATIOir  OF  THE  KOOIT. 

The  moon  rotutes  on  her  axis  in  the  same  time  and  in 
Uie  same  dii'ectioii  iti  which  she  rcrolves  aronndthe  earth. 
In  consequence  slie  alwu^'s  piescnte  very  nearly  the  same 
face  to  the  eaith.*  There  is  indeed  a  small  oscillation 
called  the  Hbratum  of  the  moon,  artaingfroni  the  fact  that 
her  rotation  on  Ler  axis  is  nuiform,  while  her  revolntion 
around  the  eaitli  is  not  uniform.  In  coiisequenee  of 
this  we  Bonictiines  see  a  little  of  her  farther  hemisphere 
first  on  one  side  and  then  on  the  other,  but  the  greater 
part  of  this  hemisphere  ia  forever  hidden  from  human 
sight. 

The  axis  of  rotation  of  the  moon  is  inclined  to  the 
ecliptic  ahout  1°  39'.  It  is  remarkable  that  thta  axis 
changes  it«  direction  in  a  way  eorrespouding  exactly  to 
the  motion  of  t!ie  nodes  of  the  moon's  orbit.  Let  us  sup- 
pose a  line  paasing  through  the  centre  of  the  earth  per- 
pendicular to  the  plane  of  the  moon's  orbit.  In  conse- 
quence of  tlie  inclination  of  the  orbit  to  the  ecliptic,  tliis 
line  will  point  5°  from  the  pole  of  the  ecliptic.  Then, 
suppose  another  lino  parallel  to  the  moon's  axis  of  rota- 
tion. This  line  will  intersect  the  celestial  sphere  1°  29' 
from  the  pole  of  the  ecliptic,  and  ou  the  opposite  side 
from  the  pole  of  tlie  moon's  orbit,  so  that  it  will  be  64° 
from  the  latter.  As  one  pole  revolves  around  the 
pole  of  the  ecliptic  in  18,6  years,  the  other  will  do  the 
same,  always  keeping  the  same  position  relative  to  the 
tirst. 


*  This  conclusion  is  often  a  ponj  atitwrum  to  some  who  c 
that,  if  the  Bame  face  of  the  moou  is  always  presented  to  the  earth,  she 
cannot  rotate  at  all.  The  difficulty  arises  from  a  misUDderstaudiag  of 
the  diffcreoce  between  a  relative  and  an  absolute  rotation.  It  is  true 
that  she  does  not  rotate  relBiively  lo  the  line  drawn  from  the  earth  lo 
her  centre,  but  alie  must  rotate  relative  to  a  flied  line,  or  a  line  drawn 


g  a.    THE  TIDES. 


The  ebb  and  flow  of  the  tides  are  produced  by  the  v 
equal  attraction  of  the  sun  and  moon  on  different  parts 
the  earth,  arising  from  the  fact  that,  owiiif^  to  the  magni. 
ttide  of  the  earth,  BOrne  parta  of  it  are  nearer  these  uttractiin^ 
Ijodics  than  others,  and  are  therefore  more  strongly  at- 
tracted. To  iinderiitaud  the  nature  of  the  tide-producing 
force,  we  mnst  recall  the  principle  of  raechanicB  already 
cited,  that  if  two  neighlioring  bodies  are  acted  on  by 
equal  and  parallel  aci-elerdting  forces,  their  motion  rel- 
ative to  each  other  will  not  he  altered,  because  bolh  will 
move  equally  under  the  iufluence  of  the  foi-ces.  When 
the  forces  arc  slightly  different,  either  hi  magnitude  or 
direction  or  both,  the  relative  motion  of  the  two  bodies 
will  depend  on  this  difference  alone.  Since  the  Bun  and 
moon  attract  those  jmrts  of  the  earth  which  are  ucai 
them  more  powerfully  than  those  wliicli  are  remote,  thert 
arieee  an  incquaUty  which  produces  u  motiou  tn  the 
waters  of  tJie  ocean.  As  the  earth  revolves  on  its  axis, 
different  parts  of  it  are  brought  in  ui  sncceseion  under  the 
uiooQ.  Thus  a  motion  is  produced  in  the  ocean  which 
goes  through  its  rise  and  fall  according  to  the  apparei 
position  of  the  moon.     This  is  called  the  tidal 

The  lidc-produfiing  force  of  the  sun  and  moon  is  so  near);  lika 
the  disturbing  force  of  the  Biin  upon  the  motion  of  the  moon  around 
the  earth  that  nearl;  the  same  explanation  will  apply  to  both.  I.Bt 
OB  ibeo  refer  ugaia  lo  Fig.  57,  iind  suppa'te  E  to  represent  the 
centre  of  the  earth,  the  circle  f"  C  JV  its  circumference.  M  a  par- 
ticle of  water  on  the  earth's  surface,  and  S  either  the  sun  or  tba 


and  ^_ 

is, 
he 
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listed  at  its  centre.  But  the  attraction  of  the  mooa  upon  the 
panicle  M.  being  different  from  its  mean  attraction  on  the  earth,  will 
lend  to  make  it  move  differently  from  the  earth.  The  force  which 
cauaea  this  difference  of  motion,  as  already  explained,  willberepre- 
•cnted  by  the  line  MA,  It  is  true  that  this  tame  disturbing  force  ia 
•cling  upon  that  portion  of  the  solid  eurtli  at  Jf  as  well  as  upon  the 
.walct.     But  the  luirth  cannot  field  on  account  of  its  rigidity  ^  the 
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nater  thmton  tend*  to  flow  alons  the  earth's  raiTfucv  from  Jf 
tonnl  JV.  There  is  therefore  ■  rcsiaual  force  tendiiig  to  nuke  tb< 
water  Uighcr  at  JVtbsii  tt~  " 


L 


If  we  suppose  the  mrtide  Jtf  to  be  neiir  F,  then  the  point  A  irill 
be  to  the  left  of  F.  The  water  will  therefore  be  drawn  in  bo  oppo- 
■ite  direction  or  toward  F.  There  will  therefore  also  be  a  force 
tending  to  make  the  water  accuinuUtc  around  F.  Ah  the  disturb- 
ing force  of  the  sun  tends  to  cause  the  earth  and  moon  to  separate 
both  at  new  and  full  moon,  eo  the  tidal  force  of  the  sun  and 
moon  upon  the  earth  tends  to  make  the  waters  nccumulute  both  at 
Jf  and  F.  More  cxactiv,  the  force  in  question  tends  to  dmw  tb« 
earth  out  iuti)  the  form  of  a  prolate  ellitisoid,  having  its  lungeil 
axis  in  the  direction  of  the  attracting  boaj'.  As  the  earth  rotate* 
on  its  axis,  each  particle  of  lli«  occiin  is,  in  the  couise  ui  a  daj, 
brought  in  to  the  four  i>os)tious  N  ^  F  Ji,  or  into  some  poi^ition* 
corresponding  to  these.  Thus,  the  tide-producing  force  changn 
back  and  forth  twieo  in  the  course  of  a  lunar  day.  ( Bv  a  luniu-  day 
we  mean  the  interrnl  between  two  successive  passages  of  the  moon 
across  the  mcridiiin,  which  is.  on  thcnveruge,  about  34''  Aff-.)  If  the 
waters  could  yield  i Rimed iutely  to  this  force,  we  should  always  h»»8 
high  tide  Hi  F  nnd  JV  and  low  tides  at  Q  and  H.  But  there  are  two 
causes  which  prevent  this. 

1.  Owing  to  the  inertia  of  the  water,  the  force  must  act  mm* 
time  before  the  full  amount  of  motion  is  produced,  and  this  molioo, 
once  attainiKL.  will  continue  after  the  force  has  ceased  to  act. 
Again,  the  waters  will  continue  to  ac.-uniulate  as  Icng  as  there  i* 
any  motion  in  the  required  direction.  The  result  of  thia  would  be 
high  tides  at  Q  and  S  and  low  tides  at  F  nnd  A*,  if  the  ocean 
covered  the  earth  and  were  perfectly  free  to  move.  That  is,  higb 
tides  would  theu  lie  six  hours  after  thn  moon  crossed  the  meridian. 

2.  TliG  principal  cause,  however,  whic'l  interferes  with  tlw 
regularity  of  the  motion  is  the  obstruction  of  islands  and  continent* 
to  the  free  uiition  of  tlie  water.  These doflecl  tho  tidal  wnve  from 
its  course  iu  so  many  different  ways,  that  it  ia  hardly  possible  lo 
trace  the  relation  between  the  attraction  of  the  moon  and  the  mo- 
tion of  the  tide  :  the  time  of  high  and  low  tide  must  therefore  be 
found  by  observing  at  each  point  along  the  coast.  By  comparing 
these  times  through  a  series  of  years,  a  very  accurate  idea  of  the 
motion  of  the  tidal  wnve  can  Iw  obtained. 

Such  otiservutions  have  been  mode  over  our  Atlantic  and  Pacific 
coatts  by  the  Coast  Survey  and  over  most  of  the  coasts  of  Europe, 
by  tho  countries  occupying  them.  Unfortunately  the  tides  cunaol 
be  observed  awiiy  from  the  land,  and  hence  little  is  known  of  the 
course  of  the  tidal  wave  over  the  occau. 

We  have  remarked  tliat  botli  the  Bnn  and  moon  exert  a 
tide-producing  force.  That  of  the  sun  is  about  -^  of  that 
of  the  moon.  At  new  and  full  moon  the  two  forces  are 
united,  and  the  actual  forec   is  equal  to  their  sum.     At 
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nt  aniJ  last  quarter,  when  the  two  bodies  arc  90°  apart, 
fey  act  in  opposite  directiong.  the  eun  tending  to  produce 
liigb  tide  wlicro  the  moon  tends  to  produce  a  low  one, 
id  vic€  verga.  The  resnlt  of  this  is  that  near  the  time  of 
Hr  and  full  moon  ve  Imve  what  are  known  as  the  epring 
des,  and  near  the  quarters  what  are  called  neap  tides.  If 
IB  tides  were  alwa;ye  proportional  to  the  force  which  pro- 
Ices  them,  the  spring  tides  would  be  higliest  at  full 
jbon,  but  the  tidal  wave  tends  to  go  on  for  some  time 
Ber  the  force  which  produces  itceaaes.  Hence  the  high- 
%  Bpriiig  tides  are  not  reached  until  two  or  throe  days  after 
jpr  and  fnll  mtwn.  Aguln,  owing  to  the  efEect  of  fric- 
In,  the  neap  tides  continue  to  he  less  and  less  for  two  or 
bee  daj-B  after  the  first  and  last  quarters,  when  tlie  grad- 
lUy  increasing  force  again  has  time  to  make  itself  felt. 
■The  theory  of  the  tides  offers  very  complicated  prob- 
BIS,  which  have  taxed  the  powers  of  inatlieinaticians  for 
freral  generations.  These  problems  are  iu  their  elements 
■B  flimplo  tium  tliose  presented  by  the  motions  of  the 
piitits,  owing  to  the  number  of  disturbing  clrcumbtnucea 
pich  enter  into  thcui.  The  various  depths  of  the  ocean 
I  different  points,  the  friction  of  the  water,  its  momen- 
■n  when  it  is  once  in  motion,  the  effect  of  the  coast-lines, 
Ire  all  to  be  taken  into  account.  These  quaiitilies  ore 
Ifar  from  t>eing  cxiwtly  known  th.it  the  theory  of  the 
Ics  can  be  expressed  only  by  some  general  principles 
■jell  do  not  fiutiicc  to  enable  us  to  predict  tbem  for  any 
Ireo  place.  From  ol«ervation,  however,  it  is  easy  to 
putnict  tables  showing  exactly  what  tides  correspond  to 
Ipcii  positions  of  the  stm  and  moon  at  any  port  where  tlie 
■■ervations  are  made.  With  stich  tables  the  ebb  and  flow 
B  predicted  for  the  benefit  of  all  who  are  interested,  but 
e  results  may  be  a  little  uncertain  on  iiccount  of  the 
feet  of  the  winds  upon  the  motion  of  the  water. 
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CHAPTER  VII. 

ECLIPSES   OF  THE  SUN   AND    ftfOON 

Eclipses  ai-o  a  pIbsr  nf  plienomena  arising  from  I 
diadoir  of  one  body  Iteing  cast  npf>n  another,  or  from  a  dark 
body  passing  over  a  lirlglit  one.  In  an  eclipec  of  the  sun. 
the  ehadow  of  the  moon  sweeps  over  the  earth,  and  the 
Bun  is  wholly  or  partially  obscured  to  obeervers  on  tlial 
part  of  the  eartli  where  the  sliadow  falls.  In  an  eclipse  of 
the  moon,  the  latter  enters  the  shadow  of  the  earth,  and  is 
wholly  or  partially  obscured  in  eouseqiience  of  being  de- 
prived of  some  or  all  its  borrowed  light.  The  satellitei 
of  other  planets  are  from  time  to  time  eclipsed  in  the 
same  way  by  entering  the  shadows  of  their  primaries ; 
among  these  the  satellites  of  JupiUr  are  objeftij  whose 
eclipses  may  be  observed  with  great  regularity. 


g   1.    THS  EABTH'S  SHADOW  A.TSD  PENCTMBBA.. 

Ill  Fig.  6')  let  S  represent  the  ami  and  E  the  earth. 
Draw  straight  lines,  DB  Fand  J)'  V'V,  each  tangent 
to  the  sun  and  the  earth.  The  two  iKxlies  being  supp<:ised 
epherieal,  these  lines  will  be  the  intersections  of  a  cone 
with  the  plane  of  the  paper,  and  niav  be  takfii  to  repre- 
BctiC  that  eone.  It  is  evident  that  the  cone  D  V B'  will 
be  the  outline  of  the  shadow  of  the  earth,  and  chat  within 
this  cone  no  direct  sunlight  can  penetrate.  It  is  therefore 
called  the  earth's  nhadow  cmie. 

Let  us  also  draw  the  lines  D'  B  P  and  D  B'  P'  to  rep- 
^he  other  cone  t.mgent  to  the  sun  and  earth.     It  \a 
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len  evident  tliat  witliin  the  region  Y B  P  and   V  B'  P' 
B  light  of  tbe  sun  will  lie  partially  but,  not  entirely  cat 


I 


IHrnmnim*  of  Shadnw.  -Lei.  us  iiiveatinate  Ihe  distance  B  Vttom 
n  rentrc  of  tlie  enrtli  to  llie  vtrlex  ot  the  aliadow.  The  trianglea 
.    E  B  and  V  S  D  axe  similar,  having  u  right  angL-  nt  B  and  at  D. 

VE:  BB  =  yS-SD=  ES:  {S  l>  ~  Eli). 

B  if  w«  put 

t=VE,  the  length  of  the  shadow  n 
w  earth. 

r  =  ES.  the  radius  vector  of  the  eurih. 
Ji=8D,  Uie  radius  of  the  Kun, 
p  =  EB,  the  radius  of  ihc  earth, 
S,  the  angular  semi -diameter  of  the  : 
s,  the  horJEOotal  parallax  a!  Ilie  sun 


~  SD- EB 

t  bf  tbe  tbeorjr  of  parallaxes  (Chaiitar  I^  f  T), 


.  .je  mean  value  of  the  sun's  snffiilur  semi-diameter,  from  which 
k  real  valuL-  never  differs  by  more  than  the  sixtieth  part,  is  found 
CobMrvftiions  to  he  about  18  0' =  MO',  while  the  mean  value  of  ir 
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is  about  H'  -8.    \\v  find  sin  .S^sin  jt  =  0(K^61,  and  -r— : — = 

SID  ^  —  Bin  r 

•664«T  =  ''^^"  ^^  therefore  conclude  that  the  mean  length  of 
the  earth's  shadow  in  217  times  tlie  earth's  radius  ;  in  round 
numbers  l.:{sO,(MK)  kilonietre-s,  or  800.000  miles,  the  mean  radius 
of  the  earth  bein^  0^)70  kilometres.  It  will  be  seen  from  the  figora 
that  it  varies  direi-tlv  as  the  distance  of  the  earth  from  the 
sun  ;  It  is  therefore  alnnit  one  sixtieth  less  than  the  mean  in  Decem- 
ber, and  one  sixtieth  ;;reater  in  June. 

The  radius  of  the  shadow  diminishes  uniformly  with  the  distance 
as  wc  go  outward  from  the  earth.     At  any  distance  z  from  the 

earth\s  centre  it  will  be  equal  to  [  1  —  ^Jp,  for  this  formula  gives 

the  radius  p  when  2  =  0,  and  the  diameter  xero  when  £  =  2  a&  it 
should.* 


§  2.    ECLIPSES  OF  THE  MOON. 

The  moan  distance  of  the  moon  from  the  earth  is  abont 
()()  radii  oi  th(»  latter,  wliilc,  as  wo  have  just  seen,  the 
lenijftli  /:'  V  <>f  tlu*  earth's  shadow  is  217  radii  of  tlie  earth. 
Hence  wlicii  the  moon  passes  tlirougli  the  shadow  slie  docs 
so  at  a  point  loss  tlian  three  tentlis  of  the  way  from 
IC  to  1'.  Till'  radius  of  tlie  shadow  here  will  be  *^iVi^ 
of  the  nidijis  /:  li  of  the  earth,  a  (juantity  whieh  we  read- 
ily tind  to  l)e  about  4<)00  kilometres.  The  radius  of  the 
moon  l)eiii;j:  \T'\^\  kilometres,  it  will  be  entirely  enveloped 
by  the  shallow  when  it  pjusses  through  it  within  2864 
kilometres  oi  the  axis  K  T^of  the  shadow.  If  its  least  dis- 
tance from  the  axis  exceed  this  amount,  a  iX)rtion  of  the 
lunar  ;^Iobe  will  be  outside  the  limits  B  Fof  the  shadow 
cone,  and  will  therefore  receive  a  ])ortion  of  tlie  direct 
light  of  the  sun.  If  the  least  distance  of  the  centre  of  the 
moon  from  the  axis  of  the  shadow  is  greater  than  the 
sum  of  the  ra<lii  of  the  moon  and  the  shadow — tliat  is, 
greater  than  iV.V.MS  kilometres— the  moon  will  not  enter  the 

*  It  will  bo  noted  that  this  expression  is  not,  ri^orouslv  spejiking,  the 
semi-dianic'ter  of  the  shadow,  hut  the  shortest  disiance  from  a  point  on 
itij  cent  ml  line  to  its  conical  surface.  This  distance  is  mejisured  in  a 
direction  A? /?  perpendicular  to  D  H  whereas  the  diameter  would  be 
jwrpendicular  to  the  axis  S  E,  and  itii  Imlf  length  would  be  a  little 
greater  than  KB, 
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at  all,  and  lliero  will  be  no  eclipse  proper,  tlioiigh  \ 
le  brilliancj  of  the  moon  muet  l>e  diniinisLed  wherever  j 
le  is  within  the  pennmhral  region.  I 

When  an  eclipse  of  the  inooii  occurs,  tlie  phases  are  kid  | 
in  the  almanac  in  tlic  following  manr.oi' :  Supposing  j 
oon  to  he  moving  aronnd  the  earth  from  helow  up-  j 
[,  it*  advancing  edge  iiret  meets  the  boundary  Ji'  P'  I 
the  penumbra.     The  time  of  this  occurrence  is  given  in  j 
almanac  as  that  of  "  moon  entering  punnnibra."      A  j 
lall  portion  of  the  sunlight  is  tlien  cut  off  from  the  ad-  J 
'Tancing  edge  of  the  raoon,  and  this  amount  constantly  in-  J 
creases  antil   the  edge  reaches  tlio  honndary  B'  V  oi  tlie  1 
Bbado.w.     It  is  curious,  however,  that  the  eye  can  scarcely  J 
detect  any  diminntion  in  the  brilliancy  of  the  moon  untQ  I 
has  almost  touched  the  boundary  of  the  sliadow.     The  I 
observer  most  not  therefore  expect  to  detect  the  comings  4 
eclipse  until  very  nearly  tTlc  time  ^veii  in  the  almanac  as  1 
Hut  of  "  moon  entering  shadow."     As  this  happens,  the 
dvancing  portion  of  the  lunar  disk  wnll  ho  entirely  lost  to   , 
'iew,  as  if  it  were  cut  off  by  a  rather  ill-defined  line.     It    | 
litKs  the  irioon  about  an  hour  to  move  over  a  distance 
qa»I  to  her  own  diameter,  so  tliat  if  the  eclipse  is  nearly 
lentral  tho  whole  moon  will  be  immersed  in  the  shadow    ' 
iboiitau  hour  after  tihc  lirst  strikes  it.     This  is  the  time  of 
tiOfi^nnhig  (If  total  ecliiffie-     So  long  as  only  a  moderate 
ortion  of  the  moon's  disk  is  in  tlie  shadow,  tliat  portion    i 
ill  bo  entirely  invisible,  but  if  the  echjtse  iMjcomcs  total    I 
the  whole  disk  of  the  inoon  will  nearly  always  be  plainly    I 
iriBibU',  shining  with  a  red  coppery  light.     This  is  owing  to 
llie  refraction  of  the  sun's  rays  by  the  lower  Htrata  of  the 
Mrtb'a  atmosphere.   We  shall  see  hereafter  that  if  a  ray  of 
Bght  J)  B  passes  from  the  saw  to  the  earth,  so  as  jufit  to 
J  the  latter,  it  is  bent  by  refraction   more  than  a  de- 
out  of  its  course,  so  that  at  the  distance  of  the  moon 
le  whole  shadow  is  tilled  with  this  refracted  light.     Aa  J 
hmrvKt  «n  the  moi>n  would,  during  a  total  eclipse  of  the  J 
Mtti  SCO  the  earth  surroimded  by  a  ring  of  light,  and  this  J 
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ring  would  appear  red,  owing  to  the  absorption  of  the  bine 
and  green  rays  by  the  earth's  atmosphere,  jnst  as  the  sun 
seems  red  when  setting. 

Tlie  moon  may  remain  enveloped  in  the  shadow  of  the 
earth  during  a  period  ranging  from  a  few  minutes  to  nearly 
two  hours,  according  to  the  distance  at  wliich  she  passes 
from  the  axis  of  the  shadow  and  the  velocity  of  her  angu- 
lar motion.  When  she  leaves  the  shadow,  the  phases 
which  we  have  described  occur  in  reverse  order. 

It  very  often  happens  that  the  moon  passes  through  the 
penumbra  of  the  earth  without  touching  the  shadow  at  all. 
Xo  notice  is  taken  of  these  passages  in  our  almanacs,  be- 
cause, as  already  stated,  the  diminution  of  light  is  scarcely 
perceptible  unless  the  moon  at  least  grazes  the  edge  of  the 
shadow. 

^  3.    ECOliIFSES  OP  THE  SUN. 

In  Fig.  r)0  we  may  suppose  B  E B'  to  represent  the 
moon  as  well  as  the  earth.  The  geometrical  theory  of  the 
shadow  will  reinain  the  same,  though  the  length  of  the 
shadow  will  he  much  less.  We  may  regard  the  mean  semi- 
diameter  of  the  sun  iis  seen  from  the  moon,  and  its  mean 
distance,  as  beinir  the  same  for  the  moon  as  for  the  earth. 
Therefore,  in  the  formula  which  gives  the  length  of  the 
moon's  shadow,  S  may  retrain  the  same  value,  while  p  and 
n  must  be  diininislie<l  in  the  ratio  of  the  moon's  radius  to 
that  of  the  earth.  The  denominator,  sin  S— sin  «•,  will  be 
but  slightly  altered.  The  radius  of  the  moon  is  about  1736 
kilometres.  Multiplying  this  by  217,  as  before,  we  find 
the  mean  length  of  the  moon's  shadow  to  be  377,000 
kilometres.  This  is  nearly  equal  to  the  distance  of  the 
moon  from  the  earth  when  she  is  in  conjunction  with  the 
sun.  We  therefore  conclude  that  when  the  moon  passes 
between  the  earth  and  the  sun,  the  former  will  be  verv 
near  the  vertex  V  oi  the  shadow.  As  a  matter  of  fact, 
an  observer  on  the  earth's  surface  will  sometimes  pass 
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throagh  the  rtgion   C  VC",  and  Bometimos  oi 
side  of  v. 

Now,  in  Fig.  60,  still  auppoBing  B  E  B'  to  be  tl 
moon,  let  us  draw  the  linee  D  B'  P'  and  D'  B  P  tan^ 
gent  to  botli  tJie  moon  and  the  Bun,  btit  crossing  each  other 
hetween  these  bodies  at  h.  It  is  evident  that  outside  the 
space  P  B  B'  P"  aa  observer  will  see  the  whole  enn,  no 
part  of  the  moon  being  projected  u|)on  it ;  wliile  within 
this  spacte  the  sun  will  he  more  or  Ii-ss  ohsenred.  The 
whole  obscured  space  may  be  divided  into  tlirec  rcgioim,  in 
each  of  which  the  character  of  the  pltenomenon  is  differ- 
ent from  what  it  is  in  the  others. 

Firstly,  wc  have  the  region  B  V B'  forming  the  shadi 
cone  proper.     Here  the  snnlight  is  entirely  cut  ofi  by 
moon,  and  darkness  is  therefore  complete,  except  so  far 
light  may  enter  liy  refraction  or  reflection.    To  an  observf 
at   V  the  moon  would   exactly  cover  the   snn,  the   two 
bodies  being  apparently  tangent  to  each  other  all  around. 

Seciiiidly,  we  have  (he  conical  region  to  the  right  of  Y 
between  the  lines  B  F'and  B'  V  continued.  In  this  i 
region  the  moon  is  seen  wholly  projected  upon  the  snn,,  ■ 
the  visible  portion  of  the  latter  presenting  the  form  of  %m 
ring  of  light  around  the  moon.  This  ring  of  light  will  be  J 
wider  in  proportion  to  the  apparent  diameter  of  the  sun,  | 
the  farther  out  we  go,  because  the  moon  will  appear  I 
smaller  than  the  snn,  and  its  angular  diameter  will  dtminrfl 
ish  in  a  more  rapid  ratio  than  that  of  the  snn.  This  J 
re^oh  is  that  of  annular  eclipse,  because  the  sun  will  pre-  ■ 
sent  the  appearance  of  an  annulus  or  ring  of  light  around  J 
thv  moon.  I 

Thirdly,  we  have  the  region  P  B  V  and  P'  B'  F,  whiclijl 
-we  notice  is  connected,  extending  aronnd  the  interior  cone.  I 
Ah  olwerver  here  would  see  the  moon  partly  projected  I 
upon  the  snn,  and  therefore  a  certain  part  of  the  sun's  J 
light  wonid  be  cut  off.  Along  the  inner  boundary  B  YW 
and  B'  K'  the  obscuration  of  the  sun  will  he  complete,  A 
bat  the  amount  of  sunlight  will  gradually  increase  out  t(il 
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tlie  miter  txmndary  B  P  B'  P'.  where  the  whole  snniB 
visibtc.  This  region  of  partial  oberuration  is  called  the 
pcnuifAra, 

To  show  more  elearly  the-  phenomena  of  solar  eclipse, 
we  present  another  figure  representing  the  penmiihra  of 


Pre.  fll  — FIOHKB  OK  SHADOW  FOB  AlTStTLAH  BCMP8K. 


the  moon  tJimwn  upon  the  earth.*  The  outer  of  the  two 
circles  S  represents  the  limb  of  the  sirn.  The  exterior  tan- 
gents which  mark  the  boundary  of  the  shadow  cross  each 
other  at  K  before  reaching  tlie  earth.  The  earth  being 
a  little  beyond  the  vertex  of  the  shadow,  there  can  be  no 
total  eclipse.  In  this  case  an  observer  in  the  penuiubral 
region,  CO  or  D  <^,  will  see  the  moon  partly  projected  on 
the  snn,  while  if  he  chance  to  be  situated  at  O  he  will  see 
an  annnlar  eclipse.  To  ehow  how  this  is,  we  draw  dotted 
linea  from  0  tangent  to  the  moon.  The  angle  between 
these  lines  represents  the  apparent  diameter  of  the  moon 
as  seen  from  the  earth.  Continuing  them  to  the  snn,  they 
show  the  apparent  diameter  of  the  moon  as  projected  upon 
the  sun.     It  will  lie  seen  that  in  the  ease  supposed,  when 

•  It  will  be  noted  thai  nil  iho  ligures  of  eclipses  are  necessarily  drawn 
very  imich  out  of  proportifm.  Really  the  min  ia  *)0  times  the  disisnce 
of  the  moon,  which  ngnin  \s  60  timea  the  raduia  of  the  earth.  But  tt 
woulil  tie  emirely  impossihlc  to  draw  a  figure  of  Ihis  proportion  ;  we 
we  llierefore  obliced  lo  repreaenl  the  earth  as  largpr  'han  the  sun.  flod 
tbc  moon  ss  nearly  half  way  between  the  earth  and  saa. 
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the  vertex  of  the  shadow  is  between  the  earth  and  moon,  ' 
the  latter  will  necessarily  appear  smaller  than  the  snn,  and   , 
the  observer  will  see  a  portion  of  the  solar  disk  on  all 
ndce  of  ibe  moon,  as  shown  in  Fig.  iS2. 

If  the  moon  were  a  Httlu  nearer  the  earth  than  it  ia  rep- 
k  resented  in  the  figure,  its  shadow  would  reach  the  earth 
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In  the  neighborhood  of  O.    We  should  then  have  a  total 
eclipse  at  each  point  of  the  earth  on  which  it  fell.     It  wi>l  " 
be  seen,  however,  that  a  total  or  ariitnlar  ccli^>ec  of  the  snn   ' 
ie  visible  only  on  a  very  small  portion  of  the  earth's  snr- 
itice,  Ivecause  the  distance  of  the  moon  changes  bo  little 
that  the  earth  can  never  be  far  from  tlic  vertex  Y  oi  the   ' 
shadow.     As  the  moon  moves  around  the  earth  from  west   [ 
to  east,  its  shadow,  whether  the  ecliiise  he  total  or  annu- 
lar, moves  in  the  same  direction.     The  diameter  of  the 
ehadow  at  the  surface  of  tho  earth  ranges  from  zero  to  150 
miles.     It  therefore  sweeps  along  a  belt  of  the  earth's 
face  of  that  breadth,  iu  the  same  direction  in  which  the 
earth  is  rotating.     The  velocity  of  the  moon  relative  to 
the  earth  being  34J'0  kilometres  per  honr,   the  shadow 
wonld  pass  along  with  this  velocity  if  the  earth  did  not  ro- 
tate, bat  owing  to  the  earth's  rotation  the  velocity  relative  J 
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to  points  on  its  surface  may  range  £rom  20CW)  to  340fl 
kilometree  (ISOO  to  2100  milee). 

The  reader  will  readily  nnderstand  that  in  order  to  «e 
a  total  eclipec  an  observer  must  station  himself  before- 
hand at  some  point  of  the  earth's  surface  over  which  the 
shadow  is  to  pass.  These  points  are  p;n«rall,r  calculaied 
eome  years  in  advance,  in  the  astronoiniuil  ephemej 
with  as  much  precision  as  ttie  tables  of  the  cetestill' 
lions  admit  of. 

It  will  be  seen  that  a  partial  eclipse  of  the  sun 
visible  from  a  ninch  larger  portion  of  the  earth's 
than  a  total  or  annnlar  one.  The  space  CD  |Fig.  fil' 
which  the  penumbra  extends  is  generally  of  abont  one  half 
the  diameter  of  the  earth.  Roughly  speaking,  a  partial 
eclipse  of  the  sun  may  sweep  over  a  portion  of  llie  earth'* 
surfikcc  ranging  from  zero  to  perhaps  one  fifth  or  one  sixth 
of  the  whole. 

There  are  really  more  eclipses  of  the  sun  than  of  the 
moon.  A  year  never  passes  without  at  least  two  of  the 
former,  and  sometimes  five  or  six,  while  there  are  rarely 
more  than  two  eclipses  of  tlic  moon,  and  in  many  years 
none  at  all.  But  at  any  one  place  more  eclipses  of  the  moon 
will  he  seen  than  of  the  snn.  The  reason  of  this  is  that 
an  eclipse  of  the  inoon  is  visible  over  the  entire  hemi- 
sphere of  the  earth  on  which  the  moon  is  shining,  and  as  it 
lasts  several  hours,  observers  wlio  are  not  in  this  hemi- 
sphere at  the  beginning  of  the  eclipse  may,  by  the  earth's  ro- 
tation, ]>e  brought  into  it  before  it  ends.  Thus  the  eclipse 
will  be  seen  evermore  than  half  the  earth's  surface.  But, 
as  we  liavo  just  seen,  each  eclipse  of  the  sun  can  he  seen 
over  only  so  small  a  fraction  of  the  earth's  surface  as  to 
more  than  compensate  for  the  greater  absolute  freijuency 
of  solar  eclipses. 

It  will  be  seen  that  in  order  to  have  either  a  total  or  an- 
nnlar eclipse  visible  upon  the  earth,  the  line  joining  the 
centres  of  the  snn  and  moon,  being  continued,  must 
strike  the  earth.     To  an  observer  on  this  line,  the  coDtres 
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f  the  two  bodies  will  Beem  to  coincide.     An  eclipse  Ja 

^h  this  occurs  is  called  a  central  one,  whether  it  be 

or  annular.     The  accompanying  figure  will  perhaps 

Q  giving  a  clear  idea  of  the  phenomena  of  eclipBea  of 

a  and  moon. 


g  4.    THE  BECUBKENCE  OF  ECLZFSES. 

If  the  orbit  of  the  moon  around  the  earth  were  in  or 
near  the  same  plane  with  that  of  the  latter  around  the  sun 
— that  18,  in  nrnear  the  plane  of  the  ecliptic — it  will  be 
readily  aeen  Ihat  there  would  be  an  eclijKe  of  the  Bun  at 
every  new  moon,  and  an  ei^lipse  of  the  moon  at  every 
full  moon.  But  owing  to  the  inclination  of  the  moon's 
orbit,  described  in  the  laat  chapter,  the  shadow  and 
penumbra  of  the  moon  commonly  pass  above  or  below  the 
Cftrth  at  the  timo  of  new  moon,  while  the  moon,  at  her 
full,  commonly  passes  above  or  below  the  shadow  of  the 
earth.  It  is  only  when  at  the  moment  of  new  or  full  moon 
the  moon  ia  near  its  node  that  an  eclipse  can  occur. 

The  qatstion  now  arises,  how  near  mnst  the  moon  be  to 
its  node  in  order  that  an  eclipse  may  occnr  !  It  is  found 
by  a  trigonometrical  computation  (hat  if,  at  the  moment 
of  new  moon,  the  moon  is  more  than  18°-C  from  its 
no<]e,  no  eclipse  of  the  sun  is  possible,  while  if  it  is  less 
than  13°-T  an  ecUpee  is  certain.  Between  these  limits  an 
eclipse  may  occnr  or  fail  according  to  the  respective  dis- 
tances of  the  Gun  and  moon  from  the  earth.  Ilalf  way  be- 
tveen  these  limits,  or  say  16°  from  the  node,  it  is  an  evea 
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chance  that  an  eclipse  will  occur ;  toward  the  lower  !i 
(13° -7)  the  chances  increafie  to  certainty;  toward  th?  ' 
upper  one  (18°'6)  thej  ijiiiiinish  to  zero.  The  correspond- 
ing  limits  for  an  eclipso  of  tho  moon  are  9°  and  12i°— tbt 
is,  if  at  tho  moment  of  full  moou  the  diBtance  of  the 
moon  from  lior  node  is  greater  than  12^°  no  eclipee  can 
occur,  while  if  the  distance  is  lese  than  9°  an  eclipee  i«  cer- 
tain. "We  may  put  the  mean  limit  at  11°.  Since,  in  tba 
long  run,  new  and  ftdl  moon  will  occur  equally  at  all  dit 
taneee  from  the  node,  there  will  be,  on  the  average,  sixteen 
eclipses  of  the  sun  to  eleven  of  the  moon,  or  nearly  fifty  per 
cent  more. 
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As  an  illustration  of  these  coniputatir>aB,  let  us  iovesttgate  the  lim- 
its within  nhich  a  central  eclipse  of  the  sun,  total  or  annular,  cin 
occur.  To  allow  of  such  an  eclipse,  it  ia  evident,  from  an  ioapec- 
tion  of  Fig.  81  or  63that  the  actual  distance  of  tbe  moon  trom 
tho  plane  of  the  ecliptic  must  be  less  than  the  earth's  ntdiuii, 
iKCSUHe  the  line  joining  the  centres  of  the  sun  and  earth  always  liM 
in  this  plane.  This  distance  roust,  therefore,  be  less  than  6370  kilo* 
metres.  T^e  mean  distance  of  the  moon  buin);  384,000  kilometres, 
the  sine  of  the  latitude  at  this  limit  is  ,^^,  and  the  latitude  itself 
is  57'.     The  formula  for  the  latitude  is,  by  spherical  trigonometrj, 

sin  latitude  =  sin  i  sin  u, 
t  being  the  inclination  of  the  moon's  orbit  (fi"  8'),  and  u  the  distance 
of  the  moon  from  the  node.     The  value  of  ain  i  is  not  far  from  -f,, 
while,  in  a  rough  calculation,  we  ma;  suppose  the  coniiiarativenr 
small  angles  u  and  the  latitude  to  be  the  sami 
may,  therefore,  suppose 

«  =  1 1  latitude  =  101=. 


the  conijiaratiTolT 
BB  their  sines.     I^B 


BEUURRENCB  OF  RVUPSB8. 

We  therefore  conclade  that  if,  at  the  moment  of  new  moon,  tfii 
ditUDce  of  the  mooo  from  the  node  is  less  than  101°  there  will  b*] 
a  centrsl  eclipse  of  the  sun,  and  ifgrcater  than  this  there  will  not  b 
mch  ao  eclipse.  The  eclipse  limit  may  range  half  a  degree  or  mOM 
oa  each  side  of  this  mean  value,  unlug  to  the  varying  distance  oT 
the  moon  from  theenrth.  Inside  of  10  acentral  eclipse  ma;  be  n 
g&rded  tu  certiuD.  and  outside  of  11°  as  impossible. 


If  tlie  direction  of  the  moon's  nodes  from  the  centre  of 
tlie  earth  were  invariable,  eclipsee  conld  occur  only  at  the 
two  oppoeite  montlis  of  the  year  when  the  snn  had  nearly. 
the  same  longitude  aa  one  node.  For  instance,  if  the  lon- 
gitudes of  llie  two  opposite  nodes  wore  respectively  54° 
and  234°,  then,  since  the  sun  must  !«  within  12°  of  the 
node  to  allow  of  an  eclipee  of  the  moon,  its  longitude 
would  liave  to  be  cither  between  42"  and  06°,  or  between 
323°  and  246°.  Bntthesun  is  within  the  firat  of  these  re- 
gions only  in  the  month  of  May,  and  within  the  second  only 
during  the  month  of  November.  Hence  lunar  eclipsea 
could  tlieii  occur  only  during  the  months  of  May  and  No- 
vember, and  the  same  would  hold  true  of  central  ecUpsea 
of  the  sun.  Small  partial  eclipses  of  the  latter  might  be 
seen  occasionally  a  day  or  two  from  tlie  beginnings  or  ends 
of  the  abovo  months,  bnt  they  would  be  very  small  and 
quite  rare.  Now,  the  nodes  of  the  moon's  orbit  were  act- 
ually in  the  above  directions  in  the  year  1873.  ffenee 
daring  that  year  eclipses  occurred  only  in  May  and  No- 
vember. We  may  call  these  months  the  seasons  of  eclipsee 
for  1873. 

Bat  it  was  explained  in  the  last  chapter  that  there  is  a 
retrograde  motion  of  the  moon's  nodes  amounting  to  Vi\° 
in  H  year.  The  nodes  thus  move  back  to  meet  the  sun  in 
its  animal  revolution,  and  this  meeting  occurs  about  2i>  days 
oartier  every  year  than  it  did  the  year  before.  The  re- 
sult 19  that  the  season  of  eclipses  is  constantly  shifting, 
lb«t  eadi  season  ranges  thronghont  the  whole  year  in  18 
yvats.  For  instance,  the  season  corresponding  to  that 
Nuvemljcr,  I8V3,  had  moved  back  to  July  and  A.nw\\«. 
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1878,  and  will  occnr  in  May,  1889,  while  that  of  ] 
1873,  will  be  shifting  back  to  November  in  1SS2. 

It  may  be  interesting  to  illnstmte  this  by  giving  the 
days  in  which  the  gun  is  in  conjunction  with  the  nodes  of 
the  moon's  orbit  during  several  yean. 

AhbhUde  Node.  Dege«idli«  Nod*. 

1879.  January  24.  18T9.  July  17. 

1880.  January  6.  1880.  Jane  27. 

1880.  December  18.  1881.  June    8. 

1881.  November  30.  1882.  May  20. 

1882.  November  13.  1883.  May    1. 

1883.  October  25.  1884.   April  12. 

1884.  Octobers.  ISSfl.   March  25. 

During  these  years,  eclipses  of  the  moon  can  occur  only 
within  11  or  12  days  of  these  dates,  and  ecli|>Be8  of  the 
sun  only  within  15  or  W  days. 

In  consequence  of  the  motion  of  the  moon's  node,  three 
varying  angles  come  into  play  in  considering  the  ocenr- 
rence  of  an  eclipse,  the  longitude  of  the  node,  that  of  th» 
euu,  and  that  of  the  moon.  "We  may,  however,  simplify 
the  matter  by  referring  the  directions  of  tlie  san  and 
moon,  not  to  any  iJxed  hne,  but  to  the  node — that  is,  we 
may  count  the  longitudes  of  these  bodies  from  the  node 
instead  of  from  the  vernal  equinox.  We  have  seen  in  the 
last  chapter  that  one  revolution  of  the  moon  relatively  to 
the  node  is  accomplished,  on  the  average,  in  27-21223 
days.  If  we  calculate  the  time  required  forthe  sua  to  ic- 
tum  to  the  node,  we  shall  6nd  it  to  be  346-6201  days, 

Now,   let  us  suppose   the  gun   and  moon  to  etart  out 
together  from  a  node.     At  the  end  of  346-6201  days  the 
sun,  having   apparently  performed  nearly  an  entire   rev- 
I  olntion  around  the  celestial  sphere,  will  again  be  at  the 

I  same  node,  which  has  moved  back  to  meet  it.     But  the 

■  moon  will  not  be  there.     It  will,  during  the  interval,  have 

I  passed  the  node   12  times,  and  the  13th  passage  will  not 

I         occur  for  a  week.     The  same  thing  will   be  true  iw— 
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18  snc'ceeftive  retuma  of  the  bud   to  the  node;    weehaUl 
not  liDd  tiie  tiiuon  tliere  at  the  same  time  with  the  sua  ; 
ibe  will  always  have  passed  a  little  sooner  or  a  little  later. 
But  at  llie  19th  return  of  the  sun  and  the  242d  of  the  I 
moon,  the  two  bodies  will  be  in  conjunction  within  half  1 
I  degree   of   the   node.      We   find  from   the   preceding 
periods  that 
SretoniB  of  the  moon  to  the  node  require  65S5- 357  days. 
9       "         ■'      eun     "         "        ■'  C58-)-780    ' 

The  two  l)odiee  will  therefore  pass  the  node  within  10 
lioare  of  each  other.  TJiia  conjunction  of  the  siin  and 
fBooii  will  be  the  22lid  new  moon  after  that  from  which 
started.  Now,  one  lunation  (that  is,  the  interval 
,tre«n  two  consecutive  new  moons)  is,  in  the  mean,  I 
530588  days  ;  223  lunations  therefore  require  O.'iSS-Sa 
dajB.  The  new  moon,  therefore,  occurs  a  little  before  tlie 
bodies  reach  the  node,  the  distance  from  tlie  latter  being 
tliat  over  wlucli  the  moon  moves  in  C.OSG,  or  the  sun  in 
45i>.  We  readily  iind  this  distance  to  be  28' of  arc, 
KHuewhat  less  than  the  apparent  semidiameter  of  cither 
body.  This  would  lie  the  smallest  distance  from  either 
ode  at  which  any  new  moon  would  occur  during  tlie 
hole  period.  The  next  nearest  approaches  would  have  | 
iccurred  at  the  35th  and  47th  lunations  respectively. 
Fhe  35th  new  moon  would  have  occun-ud  about  6°  before 
he  two  bodies  arrived  at  the  node  from  which  we  started, 
ad  the  47th  about  1J°  past  the  opposite  node.  No  other 
lew  moon  would  occur  so  near  a  node  before  the  223d 
me,  which,  as  we  have  just  seen,  would  occur  0°  28' 
of  the  node.  This  period  of  223  new  moons,  or  18 
^e»n  11  days,  was  called  the  Saros  by  the  ancient  aatron- 
men.  I 

It  win  bo  «eeii  that  iu  the  preceding  calcuUtiooa  we  have  aaaumed 
te  *aii  and  moon  to  move  uniformly,  bo  that  the  Bucccssive  new 
inon'B  occurred  at  pqual  intervals  of  29-6II0S88  days,  and  at  equal 
nj^Iar  distances  around  the  ecliptic.  In  fact,  however,  the  month- 
r  inequalities  io  the  motion  at  the  moon  cause  deviatiou*  train  ^t 
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BMko  motioD  which  amount  to  six  d^reei  ui  either  direction,  wli& 
the  ftHDUal  iaequalil;  in  tii«  motion  of  the  sun  inlon^tudeisneulj 
two  degrees.  Coii»equentl;,  our  coDcluBions  reep«cling  the  poiniti 
which  new  moon  occurs  may  be  utra;  by  dght  degrees,  owing  to 
theie  inequalities.  , 

But  there  is  a  remarkable  feature  connected  with  the  SaroB  which 

Sre«tl;  reduces  the^  inequalities.  It  is  that  this  period  of  S58S} 
lys  corresponds  very  DMrly  lo  an  integral  number  of  revolwtiOM 
both  of  the  earth  round  the  sun.  and  of  the  lunar  perigee  around 
the  earth.  Hence  the  inequalities  both  of  the  moon  and  o(  iha 
■UD  will  be  nearly  the  same  at  the  beginoing  and  the  end  of  a  Barw. 
Id  fact,  6383t  days  U  about  16  years  and  11  days,  id  which  timi 
the  earth  will  have  made  Itt  revolutions,  and  about  11°  on  tht 
IBth  revolution.  The  longitude  of  the  sun  will  therefore  be  about 
11°  greater  than  at  the  beginning  of  the  period.  Again,  in  the 
same  period  the  moon's  perigee  will  have  made  two  revolutiou, 
and  will  have  advanced  13°  38'  on  the  third  revolution.  The  BOa 
'  and  moon  bung  11°  further  advanced  in  longitude,  the  conjunction 

will  fall  at  the  same  distance  from  the  lunar  perigee  within  two  or 
three  d^jces.  Without  going  through  the  detaiu  of  the  calcula- 
tion, we  may  say  as  the  result  of  this  remarkable  coincidence  that 
the  time  of  the  233d  lunation  will  not  generally  be  accelerated  or 
retarded  more  than  half  an  hour,  thou^  those  of  the  intermediate 
lunations  will  sometimes  deviate  more  than  half  a  day.  \1so  that 
the  distance  west  of  the  node  at  which  the  new  moon  occurs  will 
not  generally  dilTer  from  its  mean  value,  38  by  more  than  30'. 

In  the  preceding  explanation,  we  have  suppoeed  the  sud 
,,  and  mooD  to  start  out  together  from  one  of  the  nodee  of 
(  the  moon's  orbit.  It  ie  evident,  however,  that  we  might 
|>  have  supposed  them  to  start  from  any  given  distance  east 
I         or  west  of  tlie  node,  and  should  then  at  the  end  of  the  233d 

i  lunation  tind  them  together  again  at  nearly  tltat  distance 
from  the  node.  For  instance,  on  the  5th  day  of  May, 
1864,  at  seven  o'clock  in  the  evening,  Washington  time, 
new  moon  occurred  with  the  snu  and  moon  3"  25'  west  of 
the  descending  node  of  the  moon's  orbit.  Counting  for- 
ward 223  Innations,  we  arrive  at  the  16th  day  of  May, 
'  1882,  when  we  find  the  new  moon  to  occur  3°  20'  west  of 
the  satnc  node.  Since  the  character  of  the  ecli]>6e  depends 
principally  upon  the  relative  position  of  the  snn,  the  moon, 
and  the  node,  the  result  to  which  we  are  led  may  he  stated 
as  follows  : 

Let  us  note  the  time  of  the  middle  of  any  edin 
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whether  of  tlie  sun  or  of  the  moon.  Then  let  na  go  for- 
ward 6585  days,  7  hoiii^,  42  minutes,  and  we  ehall  find 
another  eclipse  very  similar  to  the  lirat.  Itednced  to  years, 
the  interral  will  be  18  years  and  10  or  11  days,  according 
ae  a  29th  day  of  February  intervenes  four  or  five  tinw 
during  the  interval-  This  being  true  of  every  eulipse, 
follows  that  if  we  record  all  the  eclipses  which  occur  dur- 
ing a  period  of  IS  years,  we  shall  find  a  new  set  to 
over  ag^n.  If  the  period  were  an  integral  number  of 
days,  each  eclipse  of  the  new  set  would  be  visible  in  the 
same  regions  of  the  earth  as  the  old  one,  but  ntnce  there  is 
«  fraction  of  nearly  8  honrs  over  tlie  round  Tmniber  of 
days,  the  earth  will  be  one  third  of  a  revolution  further 
advanced  before  any  eclipse  of  the  new  set  begins.  Each 
eclipse  of  the  new  set  will  therefore  occur  about  one  third 
of  the  way  round  the  world,  or  120°  in  longitude  west  of 
the  region  in  which  the  old  one  occurred.  The  recur- 
rence will  not  take  place  near  the  same  region  until  the  end 
of  three  periods,  or  54  years  ;  and  then,  since  there  Is  a 
Klight  deviation  in  the  series,  owing  to  each  new  or  full 
moon  occurring  a  little  further  west  from  the  node,  the 
fourth  eclipse,  though  near  the  same  region,  will  not 
necessarily  be  similar  in  all  its  particulars.  For  example, 
if  it  he  a  total  eclipse  of  the  sun,  the  path  of  the  shadow 
may  be  a  thousand  miles  distant  from  the  path  of  54  years 
previously. 

As  a  recent  example  of  the  Saros,  we  may  cite  some 
total  eclipses  of  the  sun  well  known  in  reoeut  times  ;  for 
instance : 

1842,  July  8th,  1"  a.m.,  total  eclipse  observed  in 
Europe  ; 

1860,  July  I8th,  &"  a.m.,  total  eclipse  in  America  and 
^pain  ; 

1878,  July  29th,  4''  p.m.,  one  visible  in  Texas,  Col- 
i«ndo,  and  ou  the  const  of  Alaska. 

A  yet  more  remarkable  series  of  total  eclipses  of  the 
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eiin  are  tlioee  of  tlie^-eaj^  1S5U,  1868,  ISS6,  etc.,  tiie  data 
and  regions  being ; 

1850,  August  7tL,  4''  p.m.,  in  the  Pacific  Ocean  ; 

1S6S.  August  17th,  12''  P.M..  in  India ; 

18S6,  Aognst   2&th,  8''   a.m.,  in   the  Central    Atlantic 
Ocean  and  Sontheni  Africa  ; 

19(14,  September  9lL,  noon,  in  South  America. 

This  seneB  is  remarkable  for  the  loug  duration  of  total- 
ity, amounting  to  eonie  six  minutes. 

Let  us  now  consider  a  series  of  eelipees  recurring  at  r^- 
nlar  intervals  of  18  years  and  11  days.  Since  every  snc- 
ceeaive  recurrence  of  such  an  eclipse  throws  the  conjuny 
tion  28'  further  toward  the  we*t  of  the  node,  the  conjunc- 
tion must,  in  procL-ss  of  time,  talce  place  so  far  back  from 
the  node  that  no  eclipse  will  occur,  and  the  series  will  end. 
For  the  aante  reason  there  must  be  a  commencement  to 
the  series,  the  first  eclipse  being  east  of  the  node.  A  new 
eclipse  thus  entering  will  at  first  be  a  very  small  one,  but 
will  be  larger  at  every  rucurrenee  in  each  Saros.  If  it  is 
an  eclipse  of  the  moon,  it  will  be  total  from  its  13th  until 
it«  36th  recurrence.  Tliere  will  tlien  be  about  13  partial 
eclipses,  each  of  whicli  will  be  smaller  tliau  the  last,  when 
they  will  fail  entirely,  the  conjunction  taking  place  bo  far 
from  tlie  no<le  that  the  moon  does  not  touch  tlie  earth's 
aliadow.  The  whole  interval  of  time  over  which  a  seritt 
of  lunar  eclipses  thus  extend  will  be  about  48  periods, 
8fio  years. 

When  a  series  of  solar  cclipsee  begins,  the  pennmbi 
the  first  will  junt  graze  the  earth  not  far  from  one  of 
poles.  There  will  then  be,  on  the  average,  IL  or  Vi  partial 
eclipses  of  the  sun,  each  lai^r  than  the  preceding  one, 
occurring  at  regular  intervals  of  one  Saros.  Then  the 
central  line,  whether  it  be  that  of  a  total  or  annular 
eclipse,  will  begin  to  touch  the  earth,  and  we  shall  have  a 
series  of  40  or  5(i  central  eclipses.  The  central  line  will 
strike  near  one  pole  in  the  firet  part  of  the  series  ;  in  the 
equatorial  regions  about  the  middle  of  the  series,  and  will 
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leave  the  eartli  by  the  other  pole  at  the  end.     Ten  ( 
twelve  partial  eclipsee  will  follow,  and  this  particular  ei 
rie«  will  ceaee.    The  whole  nomber  in  the  series  will  ai 
age  between  60  and  70,  occtipjing  a  few  centuries  ov( 
thousand  jeare. 

g  6.    CHABACTEBS   OF   ECLTPSEB. 

We  have  sren  that  the  poaBibilitj  of  a  total  eclipse  of  the 
arises  froin  the  occasional  venr  slight  excess  of  the  apparent  aogular 
diameter  of  the  moon  over  that  of  the  sun.  This  eiceeB  is  so  slight 
that  mich  an  eclipse  cap  never  lest  more  than  a  few  minules.  It 
tnajT  be  of  interest  to  point  out  the  circumstances  which  favor  %\ 
long  duration  of  totality.     These  are  : 

(1)  That  the  moon  should  be  as  near  as  posaible  to  the  earth,  or, 
technicall;  speaking,  in  periRee,  because  its  angular  diumeler  si 
seen  from  the  earth  will  then  be  greatest. 

(2)  That  the  sun  should  be  near  its  greatest  distance  from  thft 
earth,  or  in  apogee,  because  then  its  angular  diameter  will  be  the 
iMst  It  is  now  in  this  position  about  the  end  of  June  ;  henc«  the 
most  favorable  time  for  n  total  eclipse  of  very  long  duration  is  in 
the  summer  months.  Since  the  moon  must  be  in  perigee  and  also 
between  the  earth  and  eun,  it  follows  that  the  longitude  of  the 
perigee  must  be  nearly  that  of  the  sun.  The  longitude  of  the  sun 
at  the  end  of  June  being  100°,  this  is  the  most  favorable  longi- 
tude of  the  moon's  perigee. 

(3>  The  moon  must  be  very  near  the  node  in  order  that  the  cen- 
tra of  the  shadow  may  fall  near  the  equator.  The  reason  of  this  con- 
ation is,  that  the  duration  of  a  total  eclipse  nay  be  considerably 
increased  by  the  rotation  of  the  earth  on  its  axis.  We  have  seen 
that  the  shadow  sweeps  over  the  earth  from  west  toward  east  with  a 
velocity  of  about  3400  kilometres  per  hour.  Since  the  earth  rotates  in 
the  same  direction,  the  velocity  relative  to  the  observer  on  the  earth's 
surface  will  be  diminished  by  a  quantity  dei^ndinir  on  this  velocity 
of  rotation,  and  therefore  greater,  the  greater  the  velocity.  The 
velocity  of  rotation  is  greatest  at  the  earth's  equator,  where  it 
amounts  to  1660  kilometres  per  hour,  or  nearly  half  the  velocity  of 
the  moon's  shadow.  Hence  tnedurationof  a  total  eclipse  may,  with- 
in the  tropics,  be  nearly  doubled  by  the  earth's  rotation.  When  all 
the  favorable  circumstances  combine  in  the  way  we  have  just  de- 
scribed, the  duration  of  a  total  eclipse  within  the  tropics  will  be 
about  seven  minutes  and  a  half.  In  our  latitude  the  maximum  du- 
ration will  be  somewhat  less,  or  not  far  from  six  minutes,  but  it  ia 
only  on  very  rare  occasions,  hardly  once  in  many  centuries,  that  all 
theM  favorable  conditions  can  be  expected  to  concur. 

Of  late  jeare,  aolar  eclipeee  have  derived  an  increased  in- 
terest from  the  &ct  that  dorinfi;  the  few  nanuteft  'vYoi^  _ 
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they  lifit  they  afford  uni<]ae  opportanities  for  invectigttiBfl 
the  matter  wliicli  lies  ia  the  immediate  neighborhood  o{ 
the  8wn.  Under  ordinary  circumstances,  this  matter  it 
rendered  entirely  in^'isible  by  the  e£fnlgence  of  the  eoltf 
rnys  which  illuminate  oar  atmosphere  ;  but  when  a  bodyw 
distant  as  the  moon  is  tnterpoeed  between  the  oheen-er  and 
the  sun,  tlie  rays  of  the  latter  are  cnt  off  from  a  region  t 
hnndred  miles  or  more  in  extent.  Tbns  an  amount  of 
darkness  in  the  air  is  secured  which  is  impossible  under 
any  other  circumstances  when  the  Bim  w  far  above  the 
horizon.  Still  tliis  darkness  is  by  no  means  complete,  because 
the  sunlight  is  reflected  from  the  region  on  which  the  enn 
is  shining.  An  idea  of  the  amonnt  of  darkness  may  be 
gained  by  considering  tliat  the  face  of  a  watch  can  be  read 
during  an  eclipse  if  the  ol)eerver  is  carefid  to  shade  his 
eyes  from  tliu  direct  sunlight  daring  the  few  minutes  he- 
fore  the  sun  is  entirely  covered  ;  tliat  stars  of  the  first 
magnitude  can  be  seen  if  one  knows  where  to  look  for 
them ;  and  tliat  all  the  pronunent  features  of  the  land- 
scape remain  plainly  visible.  An  account  of  the  inyestt- 
gations  inude  during  solar  eclipses  belongs  to  the  phvaoal 
constitution  of  the  sun,  and  will  therefore  be  given  in  a 
subsequent  chapter. 

Ocoultation  of  Stan  by  the  Hoon. — A  phenomenon 
which,  geometrically  considered,  is  analogous  to  an  eclipee 
of  the  sun  is  the  occultation  of  a  star  by  the  moon. 
Since  all  the  bodiesof  the  solarsystem  are  nearer  than  the 
fixed  stars,  it  is  evident  that  they  must  from  time  to  time 
pass  between  us  and  the  stars.  The  planets  are,  however, 
BO  email  that  snch  a  passage  is  of  very  rare  occurrence, 
and  when  it  di>cs  hiippen  the  star  is  generally  so  faint 
that  it  is  rendered  invisible  by  the  superior  light  of  the 
planet  before  the  latter  touches  it.  There  are  not  more 
than  one  or  two  instances  recorded  in  astronomy  of  a  well- 
authenticated  observation  of  an  actual  occnltation  of  a  star 
by  the  opaqtie  body  of  a  planet,  although  there  are  several 
ixsee  in  which  a  planet  has  been  known  to  pase  over  a  star. 
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fiat  the  moon  is  so  Luf^e  and  her  angnlar  motion  bo  rapid, 
that  she  paasee  over  some  star  visible  to  the  naked  eye 
every  few  days.  Snch  phenomena  are  termed  oooultaiians 
qfsiars  ly  ihs  moon.  It  mart  not,  however,  be  sappoeed 
that  they  can  be  observed  by  the  naked  eye.  In  general, 
the  moon  is  so  bright  that  only  stan  of  the  first  magnitnde 
can  be  seen  in  actaal  contact  with  her  limb,  and  even  then 
the  contact  mast  be  with  the  anillnminated  limb.  Bat 
with  the  aid  of  a  telescope,  and  the  predictions  given  in 
the  Ephemeris,  two  or  three  of  these  occaltations  can  be 
observed  daring  nearly  every  lanation. 


CHAPTER  Vi: 

THK   EARTH. 

Our  object  in  the  present  uliapter  is  to  trace  tl 
of  twrreatrial  gravitation  and  to  stndy  the  ch 
which  it  IB  subject  in  Tarioaii  placen.  Bince  & 
of  the  earth  attracts  every  other  part  as  well 
object  upon  its  surface,  it  follows  that  the  e 
all  the  objects  that  we  consider  terreBtrial  for 
of  system  by  themselves,  the  parts  of  which  a 
bound  together  by  their  mutual  attraction.  Th 
tion  is  so  strong  that  it  is  found  impoefiible  t< 
aiiv  nhifi-t  from  tlifi  Kiirfn/u>  of  thp.  flarth  I'nt/i   the 
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:iLii(;tioii  of  alt  bodies  is  proportional  to  their  inertia.  I 
iier  words,  all  bodies,  wliatev^er  their  chemical  comti-l 
'  'i-i'ri,  fall  exactly  tlie  same  numher  of  feet  in  one  second  I 
Under  the  iiifluonpe  of  gravity,  supposing  them  in  a  vaca-  I 
Urn  and  at  the  game  place  on  the  earlli's  surface.  Although  J 
liiu  iua*s  of  a  body  is  most  conveniently  determined  by  ita  I 
reight,  yet  mass  and  weiglit  must  not  be  confounded. 

The  w&ieffU  of  a  body  is  the  apparent  force  with  which  | 
it  is  attracted  toward  the  centre  of  the  earth.     As  we  I 
•hall  see  hereafter,  this  force  is  not  the  same  in  all  parts  ofi 
the  earth,  nor  at  different  heiglits  above  the  earth's  s 
boe.     It  is  therefore  a  variable  qtiantity,  depending  upon 
the  position  of  the  body,  while  the  mass  of  the  body  is  re- 
'garded  as  sometliing  inherent  in  it,  which  remains  constant 
■wherever  tlie  iKtdy  may  be  taken,  even  if  it  is  carried 
throng))   the  celestial  spaces,  where  its  weight  would  bQ  J 
Fedaccd  to  almost  nothing.  ] 

The  miit  of  mass  which  we  may  adopt  is  arbitrary  ;  in 
fact,  ill  different  cases  different  nnits  will  be  more  con- 
TenienL  Generally  the  most  convenient  unit  is  the  weight 
of  a  body  at  some  fixed  place  on  the  earth's  surfat^e — the 
city  of  Washington,  fur  example.  Suppose  we  take  such 
a  portion  of  the  earth  ait  will  weigh  one  kilogram  in  Wiish- 
ington,  we  may  then  consider  the  maas  of  that  particular 
lot  of  earth  or  rock  as  a.  kilogram,  no  matter  to  what  part 
of  the  universe  we  take  it.  Suppose  also  that  we  conld 
bring  all  the  matter  composing  the  earth  to  the  city  of 
Washington,  one  kilugram  at  a  time,  for  the  purpose  of 
ireighing  it,  returning  each  kilogram  to  its  place  in  the 
earth  immediately  after  weighing,  bo  that  there  should  be 
no  disturbance  of  the  earth  Itself.  The  snm  total  of  the 
weights  thus  found  would  be  the  mass  of  the  earth,  and 
would  be  a  perfectly  definite  'jnantity,  admitting  of  being 
expreescd  in  kilograms  or  pounds.  We  can  readily  cal- 
calate  the  mass  of  a  volume  of  water  equal  to  that  of  the 
earth  because  we  know  the  magnitude  of  the  earth  in 
litres,  and  the  mass  of  one  litre  of  water.     Dividii\%  ^\ua 
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ioto  the  mass  of  the  earth,  suppoeing  oureelve*  able  W 
termiue  this  nia^s,  and  we  shall  have  the  epecitic  f 
or  what  is  more  properly  called  the  (Avw/fy  of  the 

TVhat  we  have  supposed  for  the  earth  we  may  i 
for  any  heavenly  boiSy — namely,  that  it  is  brought  to  llw 
dty  of  WashingtoD  in  small  pieces,  and  there  weighed  one 
piece  at  a  time.  Thns  ihe  total  mass  of  the  earth  or  any 
heavenly  body  is  a  perfectly  defined  and  determined 
(inanlity. 

It  may  be  remarked  in  this  connection  that  oar  iinitt  of 
weight,  the  pound,  the  kilogram,  et«,,  are  practically  nniu 
of  maes  rather  than  of  weight.  If  we  shoold  weigh  out 
a  pound  of  tea  in  the  latitude  of  Washington,  and  then 
take  it  to  the  equator,  it  would  really  be  less  heavy  at  the 
equator  than  in  Washington  ;  but  if  we  take  a  pound 
weight  with  us,  that  also  would  be  lighter  at  the  equator, 
60  that  tht!  two  would  still  balance  each  other,  and  the  ttt 
would  be  etill  considered  as  weighing  one  pound.  Since 
tilings  are  actually  weighed  in  this  way  by  weights  which 
weigh  one  nnit  at  some  definite  place,  say  Washington, 
and  which  are  carried  all  over  the  world  without  bebg 
changed,  -it  follows  that  a  body  which  has  any  given 
weight  in  one  place  will,  as  measured  in  this  way,  haw 
the  same  apparent  weight  in  any  other  place,  although  its 
real  weight  will  vary.  But  if  a  spring  balance  or  any 
other  instrument  for  determining  actual  weights  were 
adopted,  then  we  should  find  that  the  weight  of  the  same 
body  varied  as  we  took  it  from  one  part  of  tLe  earth  to 
another.  Since,  however,  we  do  not  use  this  sort  of  nn 
instniment  in  weighing,  but  pieces  of  metal  which  are 
carritid  about  without  change,  it  follows  that  wbat  we  c»ll 
units  of  weight  are  properly  units  of  mass. 

Density  of  the  Earth. — We  see  that  all  bodiet  aroiud 
us  tend  to  fall  toward  the  centre  of  the  earth.  According 
to  the  law  of  gravitation,  this  tendency  is  not  simply  a 
single  force  directed  toward  the  centre  of  the  earth,  but 
is  the  resultant  of  an  infinity  of  separate  forces  arising  from 
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16  attractions  of  all  the  separate  parts  whicli  coiupoee  the 

utb.  The  question  may  arise,  how  do  we  know  that  each 
Itarticle  of  the  eartlt  attracts  a  ttone  which  falle,  and  that 
whole  attraction  does  not  reside  in  the  centre  i  The 
proofs  of  this  are  nnmerous,  and  consist  rather  in  the 
exactitude  with  which  the  theory  i-epresents  a  great  mass 
of  disconnected  phenomena  than  in  any  one  principle  ad- 
mitting of  demonstration.  Perhaps,  however,  the  moat 
eoiK'Iustve  proof  is  fonnd  in  the  ob6er\'ed  fact  that  masses 

if  matter  at  the  surface  of  tlie  earth  do  really  attract  each 
Other  as  required  by  the  law  of  Newton,  It  is  found,  for 
txainple,  that  isotatod  mountains  attract  a  phimb-line  iti 

leir  neighborhood.  The  celebrated  experiment  of  Cav- 
aun>t9H  was  devised  for  the  purpose  of  measuring  the  at- 
traction of  globes  of  lead.  The  object  of  measuring  tliis 
•ttrwction,  however,  was  not  to  prove  that  gravitation  re- 
nded  in  the  smallest  masses  of  matter,  because  there  was 
BO  doubt  of  that,  but  to  determine  the  mean  density  of  the 
earth,  from  which  its  total  mass  may  be  derived  by  simply 
ultiplying  the  density  by  the  volume. 
It  is  noteworthy  that  though  astronomy  affords  ua  tha 
VieonB  of  determining  with  great  precision  the  relative 
masses  of  the  earth,  the  moon,  and  all  the  planets,  it  does 
not  enable  us  to  determine  the  absolute  mass  of  any  hea- 
Tenly  body  in  units  of  the  weights  we  use  on  the  earth. 
Tffe  know,  for  instance,  from  astronomical  research,  that 
the  sun  has  about  328,0iX)  times  the  mass  of  the  earth, 
uid  the  moon  only  -^  of  this  mass,  but  to  know  the  abso- 
lute maae  of  either  of  them  we  must  know  how  many 
kilogmms  of  matter  the  earth  contains.  To  determine 
this,  we  must  know  the  mean  density  of  tliu  eartli,  and  thia 
something  about  which  direct  observation  can  give  us  no 
information,  because  we  cannot  penetrate  more  than  aa 
insgnificant  distance  into  the  earth's  interior.  The  only 
way  to  determine  the  density  of  the  earth  is  to  find  how 
mttcli  matter  it  must  contain  in  order  to  attract  bodies  on 
its  mrface  with  a  force  equal  to  their  observed  ■«w.(^V — 


f 
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that  IB,  witb  sufIi  intensity  that  at  the  ec^uator  a  body  i 
fall  nearly  five  metres  in  one  Eecond.  To  find 
most  know  the  relation  between  the  nin^s  of  a  body  I 
it8  attractive  force.  This  relation  can  be  found  otJ 
measuring  the  attraction  of  a  body  of  known  inase. 
attempt  to  do  this  was  made  by  Maskelyne,  Astronon 
Royal  of  England,  toward  the  close  of  the  last  eenti 
the  attracting  object  he  selected  being  Mount  Sohehallien 
in  Scotland.  The  specific  gravity  of  the  rocks  composing 
this  mountain  wae  well  enough  known  to  give  at  least  sn 
approximate  result.  The  density  of  the  earth  thns  fonnd 
was  4*71.  That  ie,  the  earth  has  i.^l  times  the  moeaof 
an  equal  volume  of  water.  This  result  is,  however,  un- 
certain, owing  to  tlio  nL'cessary  uncertainly  respecting  the 
density  of  the  mountain  and  the  rocks  below  it. 

The  Cavknuish  experiment  for  determining  tlie  attnc- 
tion  of  a  pair  of  massive  balls  affords  a  nmch  more  perfect 
mctliod  of  determining  this  important  element.  The 
most  fJirefnl  experiments  by  this  method  were  made  by 
Baily  of  England  about  the  year  1S45.  The  esaentiil 
parts  (if  the  apparatus  which  lie  used  are  as  follows  : 

A  liing  narrow  table  ybears  two  massive  spheres  of  lead 
W  IT,  one  at  each  end.  This  table  admits  of  Iwing 
turned  around  on  a  pivot  in  a  horizontal  direction, 
Above  it  is  suspended  a  balance — that  is,  a  very  light  deal 
rod  e  with  a  weight  at  eacli  end  suspended  horizontally 
by  a  fine  silver  wire  or  fibre  of  silk  >'£  The  weights  to 
be  attracted  are  attached  to  each  end  of  the  deal  rod.  The 
right-Iiand  one  is  visible,  while  the  other  is  hidden  be- 
hind the  left-hand  weight  TF.  In  this  position  it  will  be 
seen  that  the  attraction  of  the  weights  IF  tends  to  turn 
the  balance  in  a  direction  opposite  that  of  tlie  hands  of  a 
watch.  The  fact  is,  the  balance  begins  to  turn  in  this  di- 
rection, and  being  carried  by  its  own  momentum  beyond 
the  point  of  equilibrium,  cornea  to  rest  by  a  twist  of  the 
thread.  It  is  then  carried  part  of  the  way  back  to  its 
ori^nal  position,  and  thus  m^es  several  vibrations  whidi 
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qnire  iwveral  minutes.  At  length  it  cornea  to  rest  in  a 
dtion  Bomewhat  different  from  its  original  one.  Thia 
tition  und  tlie  tiinee  uf  vibration  are  all  eurefuUy  tiot^id. 
hen  the  table  T  is  turned  nearlj"  end  for  end,  sn  tliat  une 
«ght  ITsliall  be  lietween  tho  observer  and  the  right- 
Hid  ball,  wiiile  tlie  other  weight  is  beyond  the  left-hand 
■U,  and  the  observation  ia  re{>eiitcd.  A  Berics  of  olwerva- 
OI18  made  in  this  way  indnde  attractions  in  alternate  di- 


i.&^_ 


Bctiooe,  giving  a  result  from  which  accidental  errors  ^^ 
B  very  nearly  eliminated. 
A  third  method  of  determining  tliedenaity  of  the  earth 
i|  fottuded  on  observations  of  the  change  in  the  intensity 
r  gravity  as  we  descend   below  the  surface   into  deep 

The  principles  on  which  this  method  rests  will  t 
rplained  prcMintly.     Tlie  moat  carefid  application  of  It 
B  uiadt!  by  Profeasor  Aiky  in  the  llarton  CoUiery,  Ung- 
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land.     Tlje  rcsiilts  of  this  ami  the  other  methods  aj 
follows  : 

Cavendish  sind  Hutton,  from  the  attraction  of  balls,  & 
RiCICH,                                            "                      "                  " 
BaiLY,                                   "                  '*              *' 
Mabkelvnh,  from  the  attraction  of  Scbehallien. . 
Amv,  from  gravity  in  the  Harton  Colliery 

Of  these  different  reeults,  tlitit  of  Baily  is  probublf  fl 
best,  and  the  most  probable  mean  density  of  the  ( 
about  5}  times  that  of  water.     This  is  more  than  < 
the  mean  epecilic  gravity  of  the  materials  whiih  i 
tlie  surface  of  the  earth  ;  it  follows,  therefore,  that  t! 
ner  portions  of  the  earth  are  much  more  dense  t 
outer  portions. 


%  a.    LAWS  OF  TERRESTBIAL  GBATTTATKUr^ 

The  eartli  beina;  very  nearly  eplierical,  certain  thi 
respecting  the  attraction  of  spheres  may  be 
The  fundamental  theorems  may  be  regarded  as 
whidi  g^ve  the  attraction  of  a  spherical  shell  of  matt«r> 
The  demonstration  of  these  theorems  requires  tlie  nsool 
the  Integral  Calculus,  and  will  be  omitted  here,  only  tlw 
conditions  and  the  results  being  stated.  I^t  ua  tlien  im-  ' 
agine  a  hollow  shell  of  matter,  of  which  the  internal  and 
external  surfaces  are  both  spheres,  attracting  any  other 
masses  of  niatter,  a  small  particle  we  may  suppoee.  Tlut 
particle  will  be  attracted  by  every  particle  of  tlie  shell 
with  a  force  inversely  as  the  square  of  its  distance  from  it 
The  total  attraction  of  the  shell  will  be  the  resultant  of 
this  infinity  of  separate  attractive  forces.  Determining 
this  resultant  by  the  Intep;ral  Calculus,  it  is  found  that : 

T/teorem.  I.  — If  the  particle  he  outAsuie  the  shell,  it  wSl 
be  attracted  a*  i/"  the  whole  moat  qf  the  shell  were  (xm- 
eentrated  m  ita  centre. 

Uteorem  II. — (f  t/ie  particle  he  inside  the  s/tetl,  the  op- 
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attrartiong  in  evry  tlirectiun  will  neutfalize  each 
ither,  tu>  matter  wkertahoHti  in  the  i?it^ior  t/te  jiartiele  I 

ty  be,  atuitAe  resultant  aitraciion  of  the  shell  will  Uiere- 
fore  he  zero. 

To  ap]»ly  tluH  to  tlie  uttraetion  of  a  solid  apliere,  let  ns  \ 
Kret  sujtpoec  a  Uxly  either  outside  tlie  spliere  or  on  its  sur- 
tace.     If  va  c-oiiceivc  the  sphere  ae  mndc  up  of  a  groat  I 
lUimber  of  Biihuricul  gliclle,  tlie  attracted  point  will  be  ex- 
ternal to  all  of  them.     Since  each  shell  attracts  aa  if  its  | 
whole  mass  were  in  the  centre,  it 
loHows  that  the  wliole  sphere  . 
tracts  a  )>ody  npon  the  outside  of  I 
Borface  ae  if   its  entire  niase  | 

!re  concentrated  at  ita  centre. 

Let  U£  now  Eii]>pose  tJie  attract- 
ed partii-le  inside  the  sphere,  afl 
«t   /*,   Fig.   fiC,    and   imagine 
^berical  Bttrface  J'  Q  concentric  I 
With    tlie    Epherc    and     passing 
ttironglt   the    attracted    partit-le.  ^^-  *" 

All  that  jwrtion  of  the  sphere  lying  outside  tliia  spherical 
■nrface  will  he  a  spherical  shell  having  tlie  particle  inside 
trf  it,  and  will  therefore  exert  no  attraction  whatever  on 
the  pwticle.  That  portion  inside  the  enrfacc  wHIl  coii- 
ititnte  a  sphere  with  the  [(article  on  its  surface,  and  will 
therefore  attract  as  if  all  this  portion  were  concentrated 
bk  the  centre.     To  find  what  this  attraction  will  be.  let  us 

at  suppose  the  whole  sphere  of  eqnal  dcusity.     Let  ns 

It 

o,  the  radius  of  the  entire  Bpherc, 

r,  the  distance  /*  6' of  the  particle  from  the  centre. 
The  total  volume  of  matter  inside  the  sphere  P  Q  will 
lea  be,  by  geometry,  ^  n-  r".     Dividing  by  the  square  of 

the  distance  r,  we  see  that  the  attraction  will  be  repre- 
sented by 

4 
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that  18,  inside  the  sphere  the  attraction  mhU  bo  directly  as 
the  distance  of  the  particle  from  the  centre.  If  the  par- 
ticle is  at  the  surface  we  have  r  =  a,  and  the  attraction  ib 

4 

—  IT  a. 

•     3 

4 
Outside  the  surface  the  whole  volume  of  the  sphere  -^^cf 

will  attract  the  particle,  and  the  attraction  will  be 

4       a* 

—    TT  . 

3       r* 

If  we  put  r  =  ain  this  formula,  we  shall  have  the  same 
result  as  before  for  the  surface  attraction. 

Let  us  next  suppose  that  the  density  of  the  sphere  va- 
ries from  its  centre  to  its  surface,  but  in  such  a  w^ay  as  to 
be  equal  at  equal  distances  from  the  centre.  We  may 
then  conceive  of  it  as  formed  of  an  infinity  of  concentric 
spherical  shells,  each  homogeneous  in  density,  but  not  of 
the  same  density  with  the  others.  Theorems  I.  and  II. 
will  then  still  apply,  but  their  result  will  not  be  the  same 
as  in  the  case  of  a  homogeneous  sphere  for  a  particle  in- 
side the  sphere.     Referring  to  Fig.  6(j,  let  us  put 

2>,  the  mean  density  of  the  shell  outside  the  particle  P. 
D\  the  mean  density  of  the  portion  P  Q  inside  of  P* 

We  shall  then  have  : 

4, 

Volume  of  the  shell,  -'"'(«'  —  r*). 

4 

Volume  of  the  inner  sphere,  --  Trr*. 

4 
Mass  of  the  shell  =  vol.  x  D  =  ^n D{a^  —  r"). 

4 
Mass  of   the  inner  sphere  =  vol.  x  /)'  =  ^-n  D'  r*. 

Mass  of  whole  sphere  =  sum  of  masses  of  shell  and  inner 
sphere  =  1 7r  (z) a^  +  (/?'  -  D)  /•*). 
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'  Attraction  of  the  whole  sphere  upon  a  point  at  its  snr- 
[  Mass       4      /  r^       ,j.,       ^^  '"M 

\  Attraction  of  the  inner  sphere  (the  same  ae  that  of  the 

[,    ,     ,    „  .  „       Mass       4      „, 

Iraole  shell)  npon  a  point  at  1'  =  — i—  ^  ^irZf  r. 

|i  If,  ae  in  the  ease  of  the  earth,  the  density  continually  in- 
Masee  toward  the  centre,  the  value  of  D'  will  increaee 
BBo  as  r  diininiehee,  bo  that  gravity  wiU  diminish  less 
nipidly  than  in  the  case  of  a  homo^ncons  sphere,  and 
"lay,  in  fact,  actually  increase.  To  show  this,  let  us  sub- 
let the  attraction  at  P  from  that  at  the  surface.     The 


inerence  will 


I  give : 
Diraination  at /*=  s-JT  (i>a  +  (i?' 


■^)- 


-.>v). 


;  Now,  let  U8  suppose  r  a  very  little  less  than  a,  and  put 

^will  then  be  the  depth  of  the  particle  below  the  surface. 
I  CInbing  this  value  of  r,  neglecting  the  higher  powers  of 
\  and  dividing  by  a',  we  find, 


hAetittiting  in  the  above  equation,  the  diminution  of  grav- 
J  at  I*  becomes, 

(3  7)-2  2)V- 

We  see  that  if  3/?  <  2/)',  that  is,  if  the  density  at  the 

prface  is  less  than  f  of  the  mean  density  of  the  whole  in- 

,.  this  quantity  will  become  negative,  showing  that 

force  of  gravity  will  be  less  at  the  surface  than  at  a 

II   depth   in   the   interior.      But    it  must  ultimately 

^niah,  because   it   is   necessarily  zero   at   the   centre. 

n  this  principle  that  Professor  Airy  determined 

density  of   the   earth   by  comparing   the  vibrations 
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of  a  poniliiliini  at  the  bottom  of  the  IlartoH  Colliert, 
at  the  sorface  of  the  earth  in  the  neighborhood.  At  the 
bottom  iif  tho  mine  tlie  pontliihiin  gnined  uboat  S'-5  per 
(iav.  sliowiiig  the  force  of  gravity  to  be  greatur  tliau  at  tli« 
Burface. 

g   3.    PIOTJHE  AMD  WAGNITUDE    OP  THE  EAHTH. 

If  the  earth  were  fluid  and  diil  not  nutate  on  its  axis,  it 
woiiM  assume  the  fonn  ni  a  perfect  sphere.  The  opinion 
ie  entertained  t)iat  the  earth  was  oiieo  in  a  molten  slate, 
and  tliat  this  is  the  origin  of  its  present  nearly  spherical 
form.  If  we  give  sucli  a  sphere  a.  rotution  upon  its  aiis, 
the  centrifugal  force  at  the  eqnator  acts  in  k  direction  op- 
posed to  gravity,  and  thiie  tends  to  enlarge  the  circle  of 
the  equator.  It  is  found  by  mathematical  analysis  that 
the  form  of  such  a  revolving  fluid  sphere,  snppoeing  it  to 
be  perfectly  homogeneous,  will  be  an  oblate  ellipsoid — thit 
ig.  all  the  meridians  will  he  equal  and  similar  ellipses,  hnv- 
ing  their  major  axes  in  the  equator  of  the  sphere  and  tlieir 
minor  axes  coincident  with  the  axis  of  mtation.  Our  eartli, 
however,  is  not  wholly  tluid,  and  the  soIiditT  of  its  eonti- 
noiit«  prevents  ita  assiinitng  the  fonn  it  wonld  take  if  llie 
ocean  covered  its  entire  surface.  When  we  speak  of  tlie  ti^'- 
ure  of  the  earth,  wu  nicun,  not  the  outline  of  the  eolid  ainl 
liquid  portions  respectively,  buttlie  ligure  which  it  woiilJ 
assume  if  its  entire  surface  were  an  ocean.  Let  ns  imagine 
canals  dug  down  to  the  ocean  level  in  every  directiou 
tlirough  tlje  continent*,  and  the  water  of  the  ocean  to  be 
admitted  into  them.  Then  the  curved  surface  touching 
the  water  in  all  these  canals,  and  coincident  with  the  sur- 
face of  the  ocean,  is  that  of  the  idea!  earth  considered  hy 
astronomers.  By  the  tigure  of  the  earth  is  meant  tlie 
figure  of  this  liquid  surface,  without  reference  to  the  in- 
equalities of  the  solid  surface. 

We  cannot  say  that  this  ideal  eartli  is  a  perfect  ellipsoid, 
because  we  know  that  the  interior  is  not  homogeneous, 
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but  kII  the  geodetic  measures  heretofore  made  arc  so  nearlj 
represented  by  the  hypothesis  of  an  ellipsoid  that  the  lat- 
ter ifi  conBidered  a&  a  very  close  approximation  to  the  true 
tignre.  The  deviations  liitherto  noticed  ai-e  of  so  irregu- 
lar a  character  that  they  have  not  yet  been  reduced  to  any 
certain  law.  The  largest  wliicli  have  been  observed  seem 
to  be  duo  to  tlie  attmction  of  mountains,  or  to  iDcqiialitiea 
of  density  beneiith  the  surface. 

Method  of  Triangulation. — Since  it  is  practically  im- 
poesible  to  measure  around  or  through  the  earth,  the  m^ig- 
nitudu  as  well  as  the  form  of  our  planet  hits  to  be  found 
by  combining  measurements  on  its  surface  with  astronom- 
ical observations.  Even  a  measurement  on  the  eaith^s 
earface  made  in  the  usual  way  of  surveyors  would  be  im- 
practicable, owing  to  the  intervention  of  mountains,  rivers^, 
forests,  and  other  natural  obstacli^s.  The  method  of  tri* 
angulation  is  therefore  nnivereally  adopted  for  measure- 
ments extending  over  large  areas.  A  triangulation  is  vnt- 
ccnted  in  the  following  way  :  Two  [wints,  a  and  b,  a  few 


I 


Fla     67— A    I'AKT   OK    TirB   KUEfiCIt   TBIASGin.ATlON   HEAB   PARIS. 


miles  apart,  are  selecteil  as  the  extremities  of  a  base-line. 
They  must  be  so  chosen  that  their  distance  apart  can  be 
accurately  measured  by  rods  ;  the  intervening  gn»und 
should  tborefore  be  as  level  and  free  from  nVistruction  as 
poeeible.  One  or  more  elevated  points,  EF,  etc.,  must 
be  visible  from   one  or  both  ends  of  the  base-line.     By 
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moans  of  a  theodolite  and  by  observation  of  the  pole-star, 
the  direptinns  of  these  points  relative  to  tlie  nierldJan  are 
accurately  obeerred  from  each  end  of  the  ha«o,  aa  is  also 
the  direction  a  6  of  the  base-line  itself.  Suppose  i^  to 
bo  a  point  visible  from  each  end  of  the  liase,  then  in  the 
triangle  ahj^vm  have  the  length  a  h  determined  by  actnal 
measurement,  and  the  angles  at  a  and  J  determined  by  ob- 
servations. With  these  data  the  lengths  of  the  sides  aF 
and  fi/'aro  dotcrminod  by  a  simple  trigonometrical  com- 
putation. 

The  observer  then  transports  his  instruments  to  F,  and 
determines  in  snccession  the  direction  of  the  elevated 
points  or  hille  D  E  G  HJ,  etc.  He  next  goes  in  succes- 
sion to  each  of  these  hills,  and  determines  the  direction  of 
all  the  others  which  are  visible  from  it.  Thus  a  network 
of  triangles  is  formed,  oi  which  all  the  angles  are  observed 
with  the  theodolite,  while  tlie  sides  are  successively  caIcii- 
lated  trigonometrically  from  the  first  base.  For  instantw, 
we  have  just  shown  how  the  side  o^  is  calculated  ;  thie 
fonns  a  base  for  the  triangle  EFa,  the  two  remaining 
sides  of  which  are  computed.  The  side  EF  forms  the 
base  of  the  triangle  G  EF,  the  sides  of  which  are  calcu- 
lated, etc.  In  this  operation  more  angles  are  observed 
than  are  theoretically  necessary  to  calculate  the  triangles. 
This  surplus  of  data  serves  to  insure  the  detection  of  anj 
errors  in  the  measures,  and  to  test  their  accuracy  by  the 
agreement  of  their  results.  Accnmnlating  errors  are  fur- 
ther guarded  against  by  measuring  additional  aides  froiQ 
time  to  time  as  opportunity  offers. 

Chains  of  triangles  have  thus  been  measured  in  Rut^ia 
from  the  Danube  to  the  Arctic  Ocean,  in  England  and 
France  from  the  Hebrides  to  Algiers,  in  this  country  down 
nearly  our  entire  Atlantic  coast  and  along  the  great  lakes, 
and  through  shorter  distances  in  many  other  countries. 
An  east  and  west  line  is  now  being  run  by  the  Coast  Sur- 
vey from  the  Atlantic  to  the  Pacific  Ocean.  Indeed  it 
may  be  expected  that  a  network  of  triangles  will  be  grad- 
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ually  extended  over  the  surface  of  every  <'iviHzed  coimtry^i 
in  order  to  constmct  perfect  mape  of  it. 

SnppOBC  that  we  take  two  stations  situated  nortlc| 
and  Bonth  of  each  other,  determine  the  latitude  of  eachyf 
and  measnre  the  distance  between  them.  It  is  evident  tin 
by  dividinfT  the  distance  in  kilometres  by  tlie  difference 
latitude  in  degrees,  we  shall  have  the  length  of  one  defifree' 
of  latitude.  Then  if  tho  earth  were  a  8]}lierc,  we  sliould 
at  once  have  it«  circumference  by  multiplying  tlio  length 
of  one  degree  by  360.  It  ia  thus  fonnd,  in  a  rough  way, 
that  the  length  <if  a  degree  is  a  little  more  than  111  kilo- 
metres, or  between  69  and  TO  English  statute  miles.  Its 
circumference  is  therefore  about  40,000  kilometres,  and 
its  diameter  between  12,000  and  13,000.* 

Owing  to  the  elli])ticity  of  the  earth,  the  length  of  one 
d^ree  varies  with  the  latitude  and  the  direction  in  which 
it  13  mcasared.  The  next  step  in  the  order  of  accuracy  is 
to  find  the  magnitude  and  tho  form  of  the  earth  from 
measures  of  long  arcs  of  latitude  (and  sometimes  of  longi- 
tude) made  in  different  regions,  especially  near  the  equa- 
tor and  in  high  latitudes.  But  we  shall  still  find  that  dif> 
ferent  comblnationa  of  measures  give  slightly  different  re- 
sults, l)oth  for  the  magnitude  and  the  ellipticity,  owing 
to  tho  irregularities  in  the  direction  of  attniction  which  we 
have  already  described.  The  problem  is  therefore  to  find 
what  ellipsoid  will  satisfy  the  measures  with  tlie  least  sum 
total  of  error.  New  and  more  accurate  sohitiona  will  be 
reacbi'd  from  time  to  time  as  geodetic  measures  are  extend- 
ed over  a  wider  area.  The  following  are  among  the  most 
recent  results  hitherto  reached :  Lishno  of  Guttingen 
in  1878  found  the  earth's  polar  semidiameter,6355  ■  270  kilo- 

■  When  lUc  metrir.  Bystem  was  originally  designed  by  the  PVeach,  It 
WftS  inli-nded  tliat  Iho  kiloiildn.-  slioulii  he  juion  of  Ihe  dislance  from 
Uie  pole  of  tlie  uorth  to  Ilio  equator.  Tliis  wniilil  mitkn  »  degree  of  the 
meridian  equnl,  on  tbe  nvenige,  to  1114  kllometrps.  BiU.  owing  to  the 
practical  d!fllcultli»  nf  mnuturing  ii  mrrldiiin  of  the  ciiriL,  tlm  corre-  , 
spundence  witU  lUu  metre  HCiually  adopted  ia  not  exact. 
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metres;  earth's  equatorial  Beniidiamcter,  637(-3T7  kilo- 
metree  ;  earth's  compreasion,  t^Vtb  '^^  ^^^  equatorial  di- 
ameter ;  eartli's  eecentricitrj' of  meridian,  0-08319.  An- 
other result  ie  tliat  of  Captain  Clarke  of  England,  v\i<i 
fonnd  ;  Polar  setnidiaineter,  635fi  ■  456  *  kilonietree ;  eijna- 
torial  bemidianietL'r,  t>37S-191  kilometres. 

ItwadonceBuppoaed  tliatthe  measures  were  slightly  bet- 
ter represented  by  supposing  the  earth  to  l>e  an  ellipeoiiJ 
with  three  unequal  axes,  the  equator  itself  being  an  ellipse 
of  which  the  longest  diameter  was  500  metres,  or  about 
one  third  of  a  mile,  longer  than  the  sliortest.  This  resnlt 
was  probably  due  to  irregularities  of  gravity  in  those  parte 
of  the  continents  over  which  the  geodetic  measures  hare 
extended  and  is  now  abandoned. 

Geograpliio  and  Oeooeutric  Latitudes. —An  obnouB  re- 
sult of  the  ellipticity  of  the  earth  is  that  the  plumb-line 


4 


does  not  point  toward  the  earth's  centre.  Let  Fig.  68 
represent  a  meridional  section  of  the  earth,  iV5  being  the 
axis  of  rotation,  £^Q  the  plane  of  the  eqnator,  and  0  the 
positiou  of  the  observer.     The  line  IfS,  tangent  to  the 

*  Captain  Clarke's  resulls  iirc  ^iveo  in  foet,  the  polar  radius  b«liig 
S0,8S4,80S  feet.  In  ctianfpDg  to  metres,  ihe  logarithm  of  the  factor  hu 
bttD  taken  as  0.4S4(jOTl. 
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eartli  at  <>,  will  then  represfint  tbe  horizon  of  the  ol»erver, 
wliilc  iho  line  Z.Y',  perpendicular  to  U  Ji,  and  therefore 
normnl  to  the  earth  at  Q,  wiH  he  vertical  as  determined 
bj'  ihe  plmnb-Une.  The  angle  OJV'Q,  or  ZO  Q',  which 
the  oheervcr's  Kenitli  makes  witli  the  equator,  will  then  be 
liis  astrouoraical  or  geographical  latitude.  This  is  the  lat- 
itude which  in  pnictlce  we  nearly  always  have  to  use,  be- 
cause we  are  obliged  to  detennine  latitude  hy  astronomical 
observation,  and  not  by  measurement  from  the  cynator. 
"We  cannot  determine  the  direction  of  the  true  centre  O  of 
tlie  earth  by  direct  observation  of  any  kind,  but  only  that 
of  the  plumb-line,  or  of  the  perpendicular  to  a  ftuid  sur- 
face. ZO  Q'  ia  therefore  the  astronomical  latitude.  If, 
however,  we  conteive  the  line  COs  drawn  from  the  cen- 
tre of  the  eartli  through  0,  z  will  be  the  observer's  geo- 
eentrlc  senitK,  while  tbe  angle  0  CQ  will  be  his  geocer^ 
trie  latitude.  It  will  be  observed  that  it  is  the  geocentric 
and  not  the  geographic  latitude  which  gives  the  true  posi- 
tion of  tlie  oljserver  relative  to  the  earth's  centre.  The 
diilerence  lietweeu  the  two  latitudes  is  the  angle  00  jV 
nr  Z  03',  this  is  called  the  angle  of  the  vertical.  It  is  zero 
at  the  poles  and  at  the  equator,  because  here  tbe  normals 
pass  tbroogb  the  centre  of  the  ellipse,  and  it  attains  its 
maximum  of  11'  30*  at  latitude  45°.  It  will  be  seen  that 
the  geocentric  latitude  is  always  less  than  the  geographic. 
In  nonli  latitudes  the  geocentric  zenith  is  south  of  the  ap- 
parent zenith  and  in  southern  latitudes  north  of  it,  being 
nearer  the  equator  in  each  case. 

§   4. 


If  the  earth  were  a  perfect  sphere,  and  did  not  rotate  on  its  axis,  the 
intensity  of  gravlt;  would  be  tbe  same  over  its  entire  surfiice.  TheK 
u  a  slij^lil  variation  from  two  causes,  uaiiiet;,  (1)  The  elliptic  fonn 
of  our  globe,  and  (2)  the  centrifugal  force  generated  by  its  rotation 
OD  iu  aiiB.  Strictly  gpenkjng,  Uie  latter  ia  not  a  change  ir 
real  force  of  gravitj,  or  of  tlie  earth's  attraction,  but  onl;  aa  I 
appareol  force  uf  another  kind  acting  in  opposition  Iu  gravity. 
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The  inI«Dsity  of  f^raTity  is  measiirFd  liy  the  vi-locity  which  ■ 
heavy  Ixxly  in  ft  vacuum  will  acquire  ia  a  unit  of  time,  a&jODoecaad. 
Bithrr  10  metres  or  33  fe«I  may  be  regarded  as  a  rough  approxima- 
tion to  its  value.  There  are,  however,  bo  many  practical  difficul- 
ties in  the  way  of  measuring;  with  tirecixioD  the  dixtanrc  a  liodj 
folh  in  one  Bec'ond,  tliut  the  force  of  ^tavity  is,  in  prac-tiee,  delcr- 
mincd  indirectly  by  finding  the  lenglh  of  the  seeond's  pendulum. 
It  Is  shown  in  mei-hauics  that  if  a  pendulum  of  len}^  /,  vibralM 
in  II  lime  T,  a  h^vy  body  will  in  this  time  T  fall  through  iho 
space  it'  £,  w  being  the  ratio  of  the  circumference  X>f  a  circle  lo  iu 
diameter.  (^=314159  .  .  .  >r>  =  D-BeB004.)  Therefore,  to  find  llie 
force  of  gravity  wo  have  only  lo  dutennine  tlie  length  of  Uic 
second's  pendulum,  and  multiply  it  by  this  factor. 

The  determination  of  the  mean  attractive  force  of  the  earth  is 
important  in  order  that  we  may  compute  it8  action  on  the  nioOD 
and  other  heavenly  bodies,  while  the  variations  of  this  attraction 
afford  us  data  for  judging  of  the  variations  of  deufity  in  theeorlli's 
interior.  ScientiDc  expeditions  have  therefore  taken  |UUDe  tii 
determine  the  length  of  the  second's  pendulum  at  numerous  points 
on  the  globe.  To  do  this,  it  is  not  UL-cessary  that  they  should 
actually  measure  the  length  of  the  pendulum  at  all  the  places  they 
vi»t.  They  have  only  to  carry  some  one  pendulum  of  a  very  Hilid 
construction  to  each  ]ioiiit  of  observation,  and  observe  how  many 
vibrations  it  makes  in  a  day.  They  know  that  the  force  of  gravity 
is  proporitonal  to  the  square  of  the  number  of  vibrations.  Befotv 
ana  after  the  voyage,  they  count  the  vibrations  at  some  stsnilard 
point — London  for  instance,  Thus,  by  simply  squaring  the  niunber 
of  vibrations  and  comparing  the  squares,  they  have  the  mtio 
which  gravity  at  various  piimta  of  the  earth's  surface  bean  to 
gravity  ikt  Lond(>n.  It  is  then  only  necessary  to  determine  the 
absolute  intensity  of  gravity  at  London  to  infer  it  at  oil  Ih* 
Other  points  fur  which  the  ratio  is  known.  From  a  great  number 
of  observations  of  this  kind,  it  is  found  that  the  length  of  the 
second's  pendulum  in  latitude  ^  may  be  nearlj  represented  by  tlie 
equation, 

Z  =  0"-B90BB(1  +0-00520  6111'?). 


From  this,   the    force  of    gravity  i 
w'  =  »-8(tR0,  giving  the  result  : 


found  by  multiplying  b; 


7'  =  e'>. 7807(1  -i- 0' 00520 sin' V).  ^H 

These  formula;  show  that  the  apparent  force  of  gravity  incretj^l 
by  a  little  mure  than  jj^^,  of  its  whole  amount  from  the  equator  to 
the  poles.  We  can  r«kdily  calculate  how  much  of  the  diminutioD 
at  the  equator  is  due  to  the  centrifugal  foree  of  the  earth's  rotation. 
By  the  formula)  of  mechanics,  the  centrifugaJ  force  is  given  by  ths 
equatioD,  
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Tbping  tlip  time  of  one  revolution,  and  r  the  radius  of  the  circle  of 
IDUtioij.  Supposing  the  earth  u  sphere,  wbieb  will  cause  no 
[mportiiDt  error  in  our  present  calculation,  tile  dietance  of  a  point 
an  the  earth'*  surface  in  latitude  f  from  the  axis  of  rotation  of  the 


us.     The  centrifugal  force  in  ItLtituiic  ^  is 
J  J..         ■ 

il  this  force  does  not  act  in  the  direction  normal  to  the  earth's 
:,  but  perpeiidiciiiar  to  the  axis  of  the  earth,  which  direction 
s  the  angle  *  with  the  normal.  We  may  therefore  resolve  the 
into  two  components,  one, ysin  *,  along  the  earth's  surface 
toward  tlie  equiitor,  the  other,/ cos  #,  downward  toward  its  centre. 
The  first  component  makes  the  earth  a  prolate  ellipsoid,  as  already 
■buwa,  while  the  second  acts  in  opposition  to  gravity.  The  cen- 
trifugal force,  therefore,  diminishes  gravity  by  the  amount. 


I 


T,  the  sidereal  day,  is  86, 
the  equator,  is  6,377,377  n 
the  centrifugal  force  becom 


or  at  the 
npressior 

^  *--■-*-       -J  uavu  nirtsHii 

{f  =0'".7807  +  0"'-05087  8i 

This  is  the  true  force  of  gravity  diminished  by  the  centrifugal 
force  i  therefore,  to  find  that  true  force  we  must  add  the  centri- 
fngHl  force  to  it,  giving  the  result : 

=  9~-8U0  +0"-0169fisin'» 
=  B--814a  (1  +  0.001738 sin' #), 

for  the  real  attraction  of  the  Bpheroidal  earth  upon  a  body  on  its 
•orface  to  latitude  >. 

It  will  be  interesting  to  compare  this  result  with  the  attraction 
4if  a  spheroid  having  the  same  ellipticity  us  the  earth,     tt  is  found 


Iry  integration  that  it  e,  supposed  small,  be  the  eccentricity  of  a 
iMmogencous  oblate  ellipsoid,  and  g»  its  attraction  upon  a  body 
ita  equator,  its  attraction  at  latitude  «  will  be  given  by  the 
equation. 


=  ?.a  + jjj-wn'rt- 


J 
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la  t)i»  raxe  of  the  eanh,  <  =  0-0817  ;  ^gr^  =0.00(NI6T  :  •»  thU 
tfae  npresnoD  for  gniTitj  would  be, 

IT  =  9.(1  +0-0006S7Bin<f). 

We  see  that  the  fiwior  of  rid'  f ,  which  expresses  the  ratio  in 
which  grnvit;  itt  the  poles  cice«ds  that  M  the  eqiintor,  has  less  tbta 
half  the  value  (OonSO).  which  we  hsvc  found  from  observatJM. 
Thii)  difference  arises  from  the  fact  th&t  the  earth  is  not  homi^me- 
cius.  but  iocreases  in  dcn^tj  from  the  surface  toward  the  ccntn. 
To  Mf  how  this  result  follows,  let  us  first  inquire  faow  the  earth 
would  Attract  bodies  where  its  surface  now  is  if  its  whole  idms 
were  conceotrated  in  its  centre.  The  distance  of  the  equator 
from  tile  centre  is  to  that  of  the  poles  from  the  centre  as  I  to 
t'l  —t'.  Therefore,  in  thecasesupjiosed,  attractionatthe  equator 
would  lie  to  attraction  at  the  poles  as  I— e*  to  1.  The  ratio  of  in- 
crotsc  of  attntction  at  tlie  poles  is  therefore  iu  this  extreme  csw 
about  ten  times  wh&t  it  is  for  the  homogeneous  ellipsoid.  We  ooo- 
clude,  therefore,  that  the  more  nearly  the  mrih  approaches  this 
extreme  case — that  is,  the  more  it  increases  in  density  toward  the 
centre— the  greater  will  be  the  diSereuce  of  attraction  at  the  poles 
and  the  equator. 


Sidereal  and  Equinoctial  Year. — In  describing  the  ap- 
parent motion  <jf  tlie  sun,  two  ways  were  shown  of  find- 
ing the  time  of  its  apparent  revolution  arotind  the  sphere 
— in  otiier  words,  of  fixing  the  length  of  a  year.  One  of 
these  methods  consists  in  finding  the  interval  l>etween  sue- 
ceeeive  passages  through  the  eipiinoses,  or,  which  is  the 
same  thing,  across  the  plane  of  the  cc^uator,  and  the  other 
by  finding  when  it  retnrus  to  the  same  position  among 
the  stare.  Two  thousand  years  ago,  Hippabchcs  found, 
by  comparing  his  own  observations  with  those  made  two 
centuries  before  by  Timochaeis,  that  these  two  methods 
of  fixing  the  lengtli  of  the  year  did  not  give  the  eame 
resnlt-  It  had  previously  been  considered  that  the  length 
of  a  year  was  about  365^  days,  and  in  attempting  to  correct 
this  period  by  comparing  Lis  oljserved  times  of  the  sun's 
passing  the  equinox  with  those  of  Timochaeis,  Hippab- 
ONUS  found  that  it  required  a  diminution  of  seveji  or  eight 
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minQtes.  He  tlierefore  concluded  that  the  tme  length  of 
the  equinoctial  year  was  365  days,  5  houre,  and  ahont  53 
minutes.  When,  however,  he  eonaidered  the  return,  not 
to  tlie  equinox,  but  to  the  same  position  relative  to  the 
bright  star  Spica  Virt/inia,  he  found  that  it  took  some 
minutes  more  tlian  365^  days  to  complete  the  revolution. 
ThoE  there  are  two  years  to  be  diBtinguiehed,  the  tropk-at 
err  tquinociiid  year  and  the  sidereal  year.  The  first  is 
measured  by  the  time  of  the  earth's  return  to  the  equinox  ; 
the  second  by  its  return  to  the  same  position  relative  to  the 
stars.  Although  the  sidereal  year  is  the  correct  astronom- 
ical period  of  one  revolution  of  the  earth  around  the  sun, 
jet  the  equinoctial  year  is  the  one  to  be  nsed  in  civil  life, 
because  it  is  upon  that  year  that  the  change  of  seasons 
depends.  Modern  determinations  show  the  respective 
lengths  of  the  two  years  to  be  : 

Sidereal  year,         365''  6'-    S"-    9*  =  365''  -  95636. 
Equinoctial  year.  365''  5"  48"°  46*  =  365'' ■  24220. 

It  IB  evident  from  this  difference  between  the  two  years 
that  the  position  of  the  equinox  among  the  stars  must  be 
changing,  and  must  move  toward  the  west,  because  the 
equinoctial  year  is  tlie  shorter.  This  motion  is  called  the 
frtcea»um  qf  the  equiniKceg,  and  amounts  to  about  50* 
per  year.  The  equinox  being  simply  the  point  in  which 
the  equator  and  the  ecliptic  intersect,  it  is  evident  that  it 
can  change  only  through  a  change  in  one  or  both  of  these 
drdea-  IIiiTAwcHtifi  found  that  the  change  was  in  the 
eqnator,  and  not  in  the  ecliptic,  t>ecau8e  the  declinations  of 
the  stars  changed,  while  their  latitudes  did  not.*     Since 

•  To  dencrilio  the  theory  of  the  ancieDt  aslroaomers  with  perfect 
CorrcclneM.  we  ought  to  saj  that  they  considerud  Ihe  plan™  both  of  the 
eqnaior  and  eclipik'to  be  invariable  otid  the  molion  of  precessioo  to 
beduetoaslon  n>voIutioD  of  the  wtiote  celestial  sphere  arouud  IhQ 
pole  of  the  ecliptie  as  tin  »x\a.  Tbie  would  pnxliiee  a  chaoge  in  the 
positloD  of  ibo  stars  rclntive  to  the  equaUii,  but  iiol  relative  lo  tha 
■dipiic.  I 


I 
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tlio  equator  is  defined  as  a,  circle  everywhere  W  ilirtanl 
fmiu  llie  pole,  aiid  eincc  it  is  maring  anioug  tlie  eture.  it  ! 
follows  [liat  the  pole  muet  also  be  nioving  uinong  the  elnrf. 
IJut  tlie  pole  IB  nothing  more  tluin  the  point  in  which  tliu 
earth'B  axis  of  rotation  intereectB  the  celestial  sphere :  it 
must  his  romemlverod  too  tlist  the  position  of  this  pole  in 
tlio  celestial  epliere  depends  solely  npon  the  direction  of 
thu  enrth's  axis,  and  is  not  changed  hy  tlib  motiou  of  the 
earth  around  the  sun,  becaase  the  sphere  is  eon^dered  tu 
lie  of  infinite  radius.  Hence  precession  shows  that  the 
direction  of  the  earth's  axis  is  continually  cliangiog. 
Carefnl  obseniilions  from  the  time  of  Hifi-AKCnus  until 
now  show  tliat  the  change  in  qnestion  consists  in  a  slow 
revolution  of  the  pole  of  the  earth  around  the  pole  of  ihe 
ecliptic  as  projected  on  the  celestial  sphere.  The  rate  of 
motion  is  such  that  the  revolution  will  be  completed  in 
between  25,(100  and  20,000  years.  At  the  end  of  this 
period  the  equinox  and  solstices  will  have  noade  a  com- 
plete revolution  in  the  heavens. 

Tlie  nature  of  this  motion  will  ho  bpcd  raore  clearly  by  referring 
to  Fig.  4S,  p.  109.  We  Imve  there  represented  the  earth  in  four 
(lositionB  during  its  ntinuni  revolution.  We  have  represented  I  he  axis 
UH  inclining  to  the  right  in  caeh  of  these  position.s,  and  biive  de- 
scribed it  ns  remaining  parallel  to  itself  during  an  entire  nrvolution. 
The  pheDoroena  of  prcceffiion  show  that  thin  u  not  absolutcl;  true, 
but  that,  in  renlity,  the  direction  of  the  uxw  is  slowly  cban^ng. 
This  change  is  such  that,  after  the  lapse  of  some  6400  yeara,  Ihe 
north  pole  of  the  earth,  as  represented  in  tbe  tignre,  iTill  not  in- 
cline to  thu  right,  but  toward  the  observer,  the  amount  of  the  in- 
clination remaining  nearly  the  same.  The  result  nill  evidently  be 
a  shifting  of  the  seasooB.  At  D  we  ehall  have  the  winter  solatiee, 
bccnuBU  the  north  pole  will  be  inclined  toward  the  observer  and 
theu-forc  from  the  ann,  while  at  A  we  shall  have  the  vernal  equisol 
instead  of  the  winter  solBtice.  and  so  on. 

In  6400  years  mure  the  north  pole  will  be  inclined  toward  the 
left,  and  the  seusona  will  be  re^eroed.  Another  interval  of  tbe 
same  length,  and  the  north  pole  will  be  inclined  from  Ihe  observer, 
the  seasons  being  shifted  through  another  tguadrunt.  Finally,  tf 
the  end  of  about  3S, 900  years,  thcn.xU  will  hhve  raaumed  ils  original 
direction. 

Precession  thus  arises  from  a  motion  of  the   earth   aloae,  i 
not  of  the  heavenly  bodies.     Although  the  direction  of  the  eartli'i 
tucJB  changes,  yet  the  position  of  ibis  uus  relative  to  the  crust  of  tiff  _ 
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•ulh  remains  invariable.  Some  have  sujipoaed  that  precesaioa  1 
would  result  in  a  change  in  the  positioD  of  the  north  pole  on  the 
■nrfoce  of  Ibc  earth,  bo  that  the  northern  regions  would  be  covered 
by  the  ocean  aa  a  result  of  the  different  direction  in  which  the 
1  would  be  carried  bj  the  eentri/ugal  force  of  the  earth's  rota- 
This,  however,  is  a  mistake.  It  has  been  shown  b;  a  mathe- 
matical investigation  that  the  position  of  the  poles,  and  therefore 
■of  the  equator,  on  the  surface  of  the  earth,  cannot  change  except 
.from  some  variation  in  the  arrangement  of  the  earth's  interior. 
Scientific  investigation  has  yet  shown  nothing  to  indicate  anj  prob- 
KbilJtj  of  such  a  change. 

The  motion  of  precession  is  not  uniform,  but  is  subject  to  several 
inequalities  which  are  called  NritatUm.     These  can  best  be  under- 
Stood  in  connection  with  the  forces  which  produce  precession. 
Caase  of  FrecessioD,  etc.— Sir  Isaac  Nkwtos  showed  thatpre- 
«rion  was  due  to  an  ine(|uality  in  the  attraction  of  the  sun  and 
lOon  produced  by  the  spheroidal  Sgure  of  the  earth.     If  the  earth 
.were  a  perfect  homogeneous  sphere,  the  direction  of  its  axis  would 


It  change  in  consequence  of  the  attraction  of  another  body. 

the  excess  of  matter  around  the  equatorial  regions  of  the  earth 
b  attnutted  by  the  sun  and  moon  in  such  a  way  as  to  cause  a  turn- 
ing force  which  tends  to  change  the  direction  of  the  axis  of  rota- 
fion.  To  show  the  mode  of  action  of  this  force,  let  us  consider  the 
wrth  as  a  sphere  encircled  by  a  large  ring  of  matter  extending 
Aloand  its  equator,  as  in  Fig.  09.  Suppose  a  distant  attracting  body 
riClMkted  in  the  direction  Oe,  so  that  the  lines  in  which  the  parts  of 
tbe  ring  are  attracted  are  Aa,  Bb,  Ce,  etc.,  which  will  be  nearly 

nllel.     The  attractive  force  will  gradually  diminish  from  A  to 
wing  to  the  greater  distance  of  the  latter  from   the  attracting 
body.     Let  us  put  : 
r,  the  distance  of  the  centre  0  from  the  attracting  body, 
p,  the  radius  A  C  =  B  Col  the  equatorial  ring,  multiplied  by  the 
CMlae  of  the  angle  J  Cc  so  that  the  distance  of  A  from  tbe  attract- 
ing centre  is  r~p,  and  that  of  Bisr  +  p. 
m,  the  moss  of  the  attracting  body  ; 
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The  radiuti  p  iH'ing  »erj  small  compared  with  r,  we  may  develoji  llio 

denominators    of    the   first  and   third    fractioDs   in   powers  of  - 

by  the  binomial   theorem,   and  neglect  all  powers  after  the  fiiB. 
The  allraetiutiH  will  then  be  approximately  : 


The  forces  • — ~  will  lie  vtry  small  lomimreil  with  -^  c 
of  the  NmulliiesB  of  p. 


The  prineipal   force  - 


will  cause  all  ports  of  the  body 

""1 


and  will  therefore  cbum  no 
the  direction  of  the  aits  S8- 
id  the  centre  in  an  orbit,  m 
nterbataaced  by  the  »o-c«lltd 


equally  toward  the 
rotation  io  the  body  and  no  cluuii^ 
SupiKtsing  the  boiiy  to  revolve  t,: 
may  conceive  this  attraction  to  be 
ccntrUugnt  force.* 

Subtracting  this  uniform  principal  force,  there  is  left  a  force  — j- 

acting  on  A  in  the  direction  A  a,  and  an  equal  force  acting  on  Sin 
the  opposite  direction  i  B.  It  is  evident  that  these  two  forces  Und 
to  make  the  earth  rotate  around  an  axis  passing  through  C  in  such 
a  direction  oa  to  make  the  line  G  A  m  coincide  with  V  e ,  djii]  thit. 
if  no  causcmodificd  the  action  of  these  forces,  tlie  earth  would m- 
cillate  back  and  forth  on  that  axiii. 

*  We  may  here  mention  a  ver^  common  mis^prebensioa  respecting 
what  is  sometimes  called  centrifugal  force,  and  is  supposed  to  be  ■ 
force  lending  to  make  a  body  fly  away  from  the  centre.  It  is  sotnfr 
Ihnes  saitl  that  the  body  will  fly  from  the  centra  when  the  centrUoj;^ 
force  exceeds  the  centnpetal.  and  toward  ill 
a  mistake,  such  a  force  us  this  having  i  ~ 


third  law  of  motion,  is  equal  and  opposile  to  Ibat  force.    When  a 

is  whirled  in  a  sling  the  tension  on  the  string  is  simply  the  force  neca- 

aary  to  make  the  slone  coasUmtty  deviate  from  (he  struight  line  h 

which  it  leudft  Io  move,  and  is  the  same  as  Ihe  reMstancti  whii^tki 

BUnieolTers  lo  ihisdcvialion  in  consequence  of  its  inertia.      So.  Inlbl 

«  of  tne  nlnnets,  Ihe  cenirifiignl  force  is  only  the  resisbtoce  o0Bfd 

le  JnentB  of  the  planet  to  the  sun's  attraction.     If  the  slini;  sbOuM 

I.  or  if  the  sun  should  cease  to  attract  the   planet,   the   centriptUl 

..  1  centrifugal  forces  would  both  cease  instantly,  and  tlie  sIODe  « 

planet  would,  in  accordance  with  Ihe  first  hiw  of  motion,  fly  ttffwiud 

tht  line  in  which  it  woe  moving  at  the  moment. 


mndifjiDg  caiiflc  >s  found  in  the  rotation  of  the  earth  on  iti 
lOTvn  nx'iB.  which  prevmla  »ny  change  in  the  nnglr  m  C  e  .  but 
causes  a  rsry  f^low  revolution  of  the  axis  N  S  around  the  perpen- 
diL-ulv  liup  C  E,  which  motion  is  that  of  precession.* 

Nutation. — It  will  he  seen  that,  under  the  influence  of  the  grar- 
Itstion  of  the  fun  and  moon,  precession  cannot  be  uniform.  At  the 
tim«  of  the  equinoxes  the  equator  A  Bot  the  earth  passes  through 
Ifae  san.  and  the  latter  lies  in  the  line  B  G  A  m,  fO  that  the  small 
jpreceasional  force  tending;  to  dioplsre  the  equator  muat  then  vanish. 
This  force  increases  on  buth  sides  of  the  equinox,  and  attains  % 
inaximum  at  tho  solstices  when  the  angle  fn  Ce  ie  231°.  Hence  the 
WeceMion  produced  by  the  sun  takes  place  by  semi-annual  steps. 
|on«  of  thiT?e  steps,  however,  is  a  little  longer  than  the  other, 
because  the  earth  is  nearer  the  sun  in  December  than  in  June. 

Again,  we  have  seen  that  the  inclination  of  the  moon's  orbit  \a 
the  equator  ranges  from  IS('  to  2SJ'  in  a  period  of  18'8  years, 
Knee  the  preccasional  force  depends  on  this  inclination,  tha 
wnmint  of  precession  due  to  the  action  of  the  moon  has  a  period 
equal  to  one  revolution  of  the  moon'.t  node,  or  180  years.  These 
*  Iran nl iti (.'«  In  the  motion  of  preceniion  are  termed  nutiillon. 
n  Onanges  in  the  Bight  Asoenaions  and  DecUnatioiiB  of 
Vho  Stan. — Since  the  oi<olination  uf  a  heavenly  body  in  its  an- 
|Ulmr  distance  frotn  the  celestial  equator,  it  is  evident  that  any 
thangc  in  the  position  of  the  tiiuator  must  change  the  dtclinatiuns 
vt  the  fixed  stars.  Moreover,  since  right  aseensiona  arc  coiinled 
frum  the  position  of  the  venial  equinox,  the  cliun^'  in  the  jxuition 
this  e<|iitnoi  produced  by  precession  and  nutation  must  change 
!  right  ascensions  of  the  stars.  The  motion  of  the  equator  may 
reiiresented  by  supposing  it  to  turn  slowly  around  an  axis  lying 
ile  plan«.  and  pointing  to  0'*  and  18''  of  right  ascension.  All 
kt  section  of  the  equator  lying  within  S**  of  the  vernal  equinox 
Fig.  4(1,  page  103)  is  moving  toward  the  south  (downnanl  in 

..      .      r„    .. . .._ — -^htasceu. 

annually, 
a  to  shift 

twiird  the  right,  and  the  geometrical  student  will  be  able  to  see 
kBl  the  amount  of  the  shift  will  be  : 

*Thi^  reason  of  Ihiatieeming  paradox  islhat  ihe  rolalive  forces  acting 
1  .J  and  A  are  OS  it  were  ffi>frifrut«j  by  the  diurnal  rotution  around 
'8.  Siipnosc,  for  example,  that  A  receives  a  downward  and  finn  iip- 
■rd  impiUBe.  so  that  Ihcy  begin  to  more  in  these  directions.  At  the 
kI  of  twelve  hours  A  lias  moved  around  to  B.en  ihal  its  downward 
lotionnow  tends  to  inurease  the  angle  m  Ce.  nod  the  upward  motion  of 

baa  the  same  effect.  If  wc  suppose  a  series  of  Impulses,  a  diminution 
^  the  inrllnalioD  will  be  produced  during  the  flrst  12  hours,  but  after 
lal  the  effect  of  each  impulse  will  be  countcrbalaiiced  by  that  of  12 
tan  before,  so  that  no  further  diminution  will  take  place  .  but 
vcnr  impulse  will  produce  a  sudden  permanent  chnnKn  in  the  ilireetiou 
7  the  axis  N  S.  the  end  A'  moving  toward  and  .<  from  the  observer. 

This  same  taw  of  rotation  Is  exemplified  in  ilic  gyroscope  and  the 
■"'*'-  top.  encb  of  which  are  kept  erect  by  the  rotation,  though  gniv- 
•-  --  moke  them  fall. 
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On  ilie  e<raator,  W  oot  w ; 

Od  the  ecliptic,  20'  coeec  w ; 
41  beinff  the  obliquity  of  the  ecliptic  (28**  27|').  In  conseqaence, 
the  right  ascensioiis  of  stars  nemr  uie  equator  are  constantly  incress* 
ing  by  about  46"  or  arc,  or  8*.07  of  time  annually.  Away  from 
the  equator  the  increase  will  vary  in  amount,  because,  owing  to  the 
motion  of  the  pole  of  the  earth,  the  point  in  which  the  equator  is 
intersected  by  the  great  circle  passing  through  the  pole  and  the 
star  will  vaij  as  well  as  the  equinox,  it  beinff  remembered  that  the 
right  ascension  of  the  star  is  the  distance  of  this  point  of  intersec- 
tion from  the  equinox. 

The  adept  in  spherical  trigonometry  will  find  it  an  improving 
exercise  to  work  out  the  formulsB  for  the  annual  change  in  the  right 
ascension  and  declination  of  the  stars,  arising  from  the  motion  of 
the  equator,  and  consequently  of  the  equinox.  He  will  find  the 
result  to  be  ss  follows  :  Put 

n,  the  annual  angular  motion  of  the  equator  (20' '06), 

u,  its  obliquity  (23"  27'. 5), 

a  <),  the  right  ascension  and  declination  of  the  star ; 

Then  we  shall  find  : 

Annual  change  in  R.  A.  =  n  cot  cj  +  n  sin  a  tan  d. 

Annual  change  in  Dec.  =  n  cos  a. 


CHAPTER  IX. 

CELESTIAL   MEASUUEMENTS   OF   MASS   AND 
DISTANCE. 

g    1.    THE  CELESTIAL  SCALE   OP  MEASUBEMEIfT. 

The  Hiiita  of  len^li  aiul  miiss  cmplKycd  by  Jistronomers 
are  necessarily  different  from  tbose  used  in  daily  life. 
For  iustance,  the  distances  und  iiiagiiitiiden  of  tbc  heavenly 
Ixklies  are  iievur  reckoned  in  miles  or  other  terrestrial 
meaanrea  for  afitronotniml  ]>ni-pnses ;  when  so  cxpreescil 
it  is  only  for  the  purpose  of  innking  the  subject  clearer  to 
the  eeneral  readur.  The  units  of  weight  or  muss  are  also, 
of  necessity,  nstronoiniciil  and  not  terrestrial.  The  mass 
of  a  body  may  be  expressed  in  terms  of  that  of  tlje  snn 
or  of  the  earth,  but  never  in  kilograms  or  tons,  unless  in 
popular  language.  There  are  two  reasons  for  this  course. 
One  is  that  in  most  eases  celestial  distances  have  tii-st  to 
be  determined  in  tcntis  of  some  celestial  unit — the  earth's 
distance  from  the  sun,  for  instance — and  it  is  more  cou- 
Tenient  to  retain  this  unit  than  to  adopt  a  new  one.  The 
other  is  that  the  values  of  celestial  distances  in  terms  of 
ordinary  terrestrial  units  arc  for  the  most  part  extremely 
uncertain,  while  the  con-esponding  valnes  in  astronomical 
nuits  are  known  with  great  uecuracy. 

An  extreme  instance  of  this  is  afforded  by  the  diroen- 
iions  of  the  solar  system.  By  a  long  and  continued  series 
,  of  astronomical  oh«er\'ation3,  investigated  by  means  of 
Kepler's  laws  and  the  theory  of  gravitation,  it  is  [lossible 
to  determine  the  forms  of  the  planetary  orbits,  their 
itiont),    and  their  dimenisiona  in  terms  of  the  earth'a 
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mean  distance  from  the  Eun  &s  the  nnit  of  measnre.  iriih 
grext  preciBion.  It  will  be  remembered  that  Kepleb'^ 
third  luw  enablve  us  ta  determine  the  mean  distance  of  a 
planet  from  the  sun  when  we  know  its  period  of  revoln- 
tion.  Now,  all  the  major  pUnete,  as  far  out  as  Satam, 
have  been  obeerved  through  so  many  revolutions  that  Uieir 
periodic  times  can  be  determined  with  great  exactness— in 
favt  within  a  fraction  of  a  millionth  ]iart  of  their  whole 
amount.  The  more  recently  discovered  planets.  I'ramu 
and  Neptuiie,  will,  in  the  course  of  time,  have  their 
periods  determined  with  e<pal  precision.  Then,  if  we 
^juare  the  periods  expressed  in  years  and  decimals  of  a 
year,  and  extract  the  cube  root  uf  this  square,  we  have  the 
mean  distance  uf  the  platiet  with  the  same  order  of  pre- 
cision. This  distance  is  to  be  corrected  elightly  in  conse- 
quence of  the  attractions  of  the  planets  on  each  other,  but 
these  corrections  also  are  known  with  great  exactness. 
Again,  the  eccentricities  of  the  orbits  are  exactly  delur- 
mined  by  careful  observations  of  the  positions  of  the  plan- 
etB  during  successive  revolutions.  Thus  we  are  enabled  to 
loake  &  map  of  tlie  planetary  orbits  which  shall  be  so  ex- 
act tliat  the  error  would  entirely  elude  the  most  careful 
scrutiny,  tliongh  the  map  itself  should  bo  many  yards  in 
extent. 

On  the  ecala  of  this  same  map  we  could  lay  down  the 
magnitudes  of  the  planets  with  as  much  precision  as  our 
instruments  can  measure  their  angular  semi -diameters. 
Tims  we  know  that  the  mean  diameter  of  the  sun,  as  seen 
from  the  earth,  is  32',  hence  we  deduce  from  formuhe 
given  in  connection  with  parallax  (Chapter  I.,  g  9),  that 
the  diameter  of  the  sun  is  -(101)3083  of  the  distance  of  the 
sun  from  the  earth.  We  can  therefore,  on  our  supposed 
map  of  the  solar  system,  lay  down  the  sun  in  its  true  site, 
according  to  the  scale  of  the  map,  from  data  given  directly 
by  observation.  In  the  same  way  we  can  do  this  for  each 
of  the  planets,  the  earth  and  moon  excepted.  There  is 
no  immediate  and  direct  way  of  finding  how  laige  the 


0ELB8T1AL  MEASURES. 

earth  or  moon  would  look  from  a  planot,  hence  the  ex-^j 
ceptioii. 

But  without  further  special  rceearcli  into  this  Bubjeot,, 
we  ahall  know  nothing  nbout  the  hco}^  of  otir  map.  It  is 
dear  that  in  order  to  fix  the  distances  or  the  magnitudes 
of  the  planet*  according  to  any  terrestrial  standard,  wo 
must  know  this  scale.  Of  course  if  we  can  learn  either 
the  distance  or  magnitude  of  any  one  of  the  planets  laid 
down  on  the  map,  in  miles  or  in  scml-diameterB  of  the 
earth,  we  shall  he  able  at  once  to  find  the  scale.  But  this 
process  is  so  difKcult  that  the  general  custom  of  astrouo- 
«  ia  not  to  attempt  to  iiee  an  exact  scale,  bnt  to  onploy 
the  mean  distance  of  the  sun  from  the  earth  as  the  unit  m 
celestial  measurements.  Thus,  in  astronomical  langnflge, 
we  say  that  the  distance  of  Mercury  from  the  sun  is 
(f.387,  that  of  Venus  0-733,  that  of  Mars  1-523,  that 
of  Saturn  9-539,  and  bo  on,  Biit  this  gives  us  no  in^ 
formation  respecting  the  distances  and  magnitudes  in  terma 
of  terrestrial  measures.  The  unknown  quantities  of  our 
map  are  the  magnitndc  of  the  earth  on  the  scale  of  the 
map,  and  its  distance  from  the  sun  in  terrestrial  units  of 
length.  Could  we  only  take  up  a  point  of  ol)servatioii 
from  the  sun  or  a  planet,  and  determine  exactly  the  angu- 
lar magnitude  of  the  earth  as  seen  from  that  point,  we 
fthoiild  be  able  to  lay  down  the  earth  of  unr  map  in  its  cor- 
rect size.  Then  since  we  already  know  the  size  of  the 
earth  in  terrestrial  units,  we  should  be  able  to  find  the' 
scale  of  our  map,  and  thence  the  dimensions  of  the  whole 
system  in  temisof  those  units. 

It  will  Iw  seen  that  what  the  astronomer  really  wants  is 
not  so  much  the  dimensions  of  the  solar  system  in  miles  as 
to  express  the  size  of  the  earth  in  celestial  measures. 
These,  however,  amount  to  the  same  thing,  because  hav- 
ing one,  the  other  cau  be  readily  deduced  from  the  known 
magnitude  of  the  earth  in  terrestrial  mcasuree. 

The  magnitude  of  the  earth  is  not  the  only  unknown 
qoantity  on  our  map.     From  Kepleb's  laws  we  earn 
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lennino  ni>ttiing  respoctiny  tlit;  distance  of  the  mtwn  from 
the  earth,  U-vauee  tuiivee  a  diang?  is  ma<le  in  tlie  unia  td 
time  and  space,  they  apply  only  to  ImmUik  moving  aroDnd 
the  Bun.  We  must  therefore  (ietennine  the  distauM  of 
tlie  moon  as  well  aa  that  of  the  siiii  to  bo  able  to  complete 
our  map  on  a  knowu  scale  of  laeaeurement. 

g  2.    MEASUBBS  OF  THE  SOLAB  PABAUiAX 

The  pmhieiii  of  distftiices  in  the  solar  Bystem  is  redneed 
by  the  prweding  eonside  rat  ions  to  nieasnring  the  dJstancffl 
of  the  sun  and  moon  in  terms  of  the  earth's  radiiis.  Tbe 
mo6t  direct  method  of  doing  this  is  by  dctennining  their 
respective  parallaxes,  which  we  have  shown  to  )>e  the  sarie 
as  the  earth 'a  angular  semi-diameter  as  seen  from  them. 
In  the  ease  of  the  sun,  the  required  parallax  can  be  de- 
termined as  readily  by  ineaBnring  the  parallaxes  of  any 
of  the  planets  aa  by  measuring  that  of  the  sun,  hecanee 
any  one  measured  distance  on  the  niau  will  give  us  llio 
scale  of  our  map.  Now,  the  planets  Ventts  and  Mara  oo- 
casionally  come  much  nearer  the  earth  than  the  sun  ever 
does,  and  their  parallaxes  also  admit  of  more  exact  meas- 
urement. Tlie  parallax  of  the  sun  is  therefore  determined 
not  by  observations  on  the  snn  itself,  but  on  these  two 
planets.  Three  methods  of  finding  the  sun's  parallax  in 
this  way  have  been  apphed.     They  are  : 

(1.)  Observations  of  Venus  in  transit  across  the  sun. 

(a.)  Observations  of  the  declination  of  Mars  from 
widely  separated  stations  on  the  earth's  snrface. 

(3.)  Obeervations  of  the  right  ascension  of  Mara, 
the  times  of  its  rising  and  sotting,  at  a  single  station. 

Solar  Parallax  tcom  Transits  of  Tonus. —  Tlie  gent 
principles  of  the  metliod  of  determining  the  parallax  of  > 
planet  by  siniultaneons  ol)servations  at  distant  stations 
will  be  seen  by  referring  to  Fig.  18,  p.  40.  If  two  ob- 
servers, situated  at  i?  and  5",  make  a  simultaneons  ob- 
aervaUoQ  of  tlie  direction  of  the  body  P^  it  is  «vidfiat 
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that  the  solution  of  a  plane  triangle  will  give  the  distance 
of  P  from  each  station.  In  practice,  however,  it  would 
be  impracticable  to  make  simultaneous  observations  at 
distant  stations,  and  as  the  planet  is  continually  in  motion, 
the  problem  is  a  much  more  complex  one  than  that  of 
^mply  solving  a  triangle.  The  actual  solution  is  effected 
by  a  process  which  is  algebraic  rather  than  geometrical, 
but  we  may  briefly  describe  the  geometrical  nature  of  the 
problem. 

Considering  the  problem  as  a  geometrical  one,  it  is  evi- 
dent that,  owing  to  the  parallax  of  Veniis  being  nearly  four 
tiuies  as  great  as  that  of  the  sun,  its  patli  across  the  sun's 
disk  will  be  different  when  viewed  from  different  points  of 
the  earth's  surface.  The  further  south  we  go,  the  further 
north  the  planet  will  seem  to  be  on  ^he  sun's  disk.  The 
change  will  be  determined  by  the  difference  between  the 
parallax  of  Venus  and  that  of  the  sun,  and  this  makes  the 
geometrical  explanation  less  simple  than  in  the  case  of  a 
determination  into  which  only  one  paralhix  enters.  It 
will  be  sufficient  if  the  reader  sees  that  wlien  we  know  the 
relation  between  the  two  parallaxes — when,  fur  instance, 
we  know  that  the  parallax  of  Venua  is  3  •  78  times  that  of 
the  sun — the  observed  displacement  of  Venus  on  the  sun's 
disk  will  give  us  both  parallaxes.  The  ''  relative  paral- 
lax," as  it  is  called,  will  be  2-78  times  the  sun's  parallax, 
and  it  is  on  this  alone  that  the  displacement  depends. 

• 

The  algebraic  process,  which  is  that  actually  employed  in  the 
Bolution  of  astronomical  problems  of  this  class,  is  as  follows  : 

Each  observer  is  supposed  to  know  his  longitude  and  lati- 
tude, and  to  have  made  one  or  more  observations  of  the  angular 
distance  of  the  centre  of  the  planet  from  the  centre  of  the  sun. 
To  work  up  the  observations,  the  investigator  must  have  an 
sphenunris  of  Ventm  and  of  the  sun— that  is,  a  table  giving 
the  right  ascension  and  declination  of  each  body  from  hour  to  hour 
as  calculated  from  the  best  astronomical  data.  The  ephemeris  can 
oever  be  considered  absolutely  correct,  but  its  error  may  be  a«- 
Bumed  as  constant  for  an  entire  day  or  more.  By  moans  of  it,  the 
right  ascension  and  declination  of  the  planet  and  of  the  sun,  as  seen 
from  the  centre  of  the  earth,  may  be  computed  at  any  time. 

Each  observer  reduces  the  moments  of  his  observations  to  Green- 
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wirh  mcHH   lim*',  or  the  mean   lime   nf  any  other  merid^ 
tbose  mean  limes  far  the  observer  S,   be  called   Tt,    T,,  Tt. 
Buppose  that  at  these  menn  timeie  he  hu  observed  the  distancu' 
the  centre  of  I'mu  from  that  of  tbe  sun  to  be  D,,  D,,  D,,<X 
Tlic  coirespanding  geocenlric  distances  are  then  computed  fna 
the  t^phemeri^  for  these  sjune  times.  7",,   Ti,  T,,  etc.     If  the  ephoi- 
erig  and  the  observations  were  perlcrtly  correct,  and  if  there  wew 
no  parallax,  these  calculated  distances  would  eome  out  the  sanw  U 
(he  obeerved  aaee.     But  this  is  never  the  case.      It  is  therefon 
neccssaiT  to  calcul&te  what  effect  a  change  in  the  right  ascensoa, 
declination,  and  paiallsx  of  the  sun  and  Venut  will  have  upon  the 
calculated  distance.    In  this  operation  these  changes  are  consideKd 
aa  infinitely  small,  and  the  process  used  is  that  of  differentiation. 

Iiet  OS  put ; 

•>,  d,  IT,  the  right  ascension,  declination,  and  parallax  of    Ventit. 

a,  i\  "',  tile  same  quanlitrcH  fur  the  sun. 

&a,  Ai,  A  a',  H  d ,  the  correctionii  necessnry  to  the  values  of  th* 
quantities  :  a,  i,  a',  and  il  in  the  epbemena. 

■fi,  dt,  d,,  etc.,  the  calculated  geocentric  dialauci's  of  Veiiui  from 
the  nun's  centre. 

Then,  the  corrected  calculated  distances,  which  we  shall  call 
J/i,  D,,  Dt,  etc.,  will  he  expressed  tn  equationa  of  the  fonn  ; 


di  +  a,&a 


=  Dt\ 


)'  +  <-. 


In  these  equations  d,,  dt.  etc.,  and  the  coefficients,  a,,  ni,  Oi,  etc., 
to  t\,  are  all  known  quantities,  being  the  direct  results  of  calcnlt' 
tiou,  while  A  a,  dti,  Jd,  and  Ad  are  unknown  ccrrections  to  tbe 
euhemeris,  and  t  and  ir'  are  the  parallaxes  of  Fmut  imd  the  sud, 
also  unknown.  D\,  V,.  etc.,  are  therefore  also  to  be  regarded  h 
unknown. 

But  when  all  corrections  aro  allowed  for,  these  corrected  calcu- 
lated distances  Z" ,,  D',,  etc.,  ought  to  be  the  iame  as  the 
distances  i>'i,  &,,  etc.,  which  are  known  quanti  ~ 
result  of  observations.     80  if  we  put  Di  for  Zfi 
di  to  tile  other  side  of  the  equation,  and  perfi 
on  the  other  cijuatious,  we  eliall  have  : 


It'  +  ft,  i  J  4-  i',  a  d'  +  e, 
a'+  II,  Si  +  h;&  1''  +  t. 


',  B-  =  D,  —  if, 


=  U,- 


d„  e 


These  equations  admit  of  being  much  simplified.  If  we  aappoH 
the  right  ascensions  of  tbi!  sun  nndt'enui  changed  by  the  same  amount 
—that  is,  it  we  suppose  &a  =  A  n,  it  is  evident  that  their  distanoH 
will  remain  aulistantially  unaltered.  In  order  that  this  maj  be  tms 
in  the  equations,  we  must  have 


The  i>ar«ll»xea  of  the  sun  and  Ven'ii.  i'  »inl  n.  nru  inversely  s»  the 
distances  of  the  respective  bodies  from  Ihu  lartb.  During  the  tnn- 
nt  of  I'ecciiibtu',  tH74,  these  dixtanccs  n 
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AU  the  corresponding  eijuations  being  formed  in  this  way,  from 
fte  observations  at  the  various  ststions.  their  uolution  will  give  the 
Vtloea  of  the  three  unknown  quantities,  7,  y,  and  wr.  The  value  at 
«.  will  be  the  parallax  corres ponding  lo  the  Bstronomical  unit — 
is,  the  angulaT  semi -diameter  of  the  earth  seen  at 
nee  from  the  sun. 
When  many  observations  are  mnde,  we  have  more  equations  ttiau 
Kre  unknowaquantjties  to  be  determined.  If  all  the  equatiouB 
mathematically  correct,  we  should  not  nucd  them  all,  and  could 
leject  any  of  the  surplus  ones  without  affecting  the  result.  But 
rince  each  equation  is  necessarily  aflei^ted  with  errors  of  observa- 
tion, the  problem  pritsented  t"  us  is  to  obtain  the  n:ost  probable 
Talues  of  the  unknown  quantilies  from  the  combination  of  all  the 
eijuBtiunit.  Thcvu?  values  are  lhoiu:<  which  render  the  sum  of  the 
ai)iiitrrs  <if  the  oiitHlandiiii;  rrrorH  of  observations  (or,   rather,  o( 
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Uifi  (iiilHlandiDg  iIiffiTtnccs  between  the  observed  quMilitiaa 
the  camiwtfd  ijimniitiea)  ft  minimnm.  For  iiuunce,  sttppoul' 
we  mibstitule  iu  the  t'i]iiiitioD 

a.  j  +  hv  +  a.T7(;;e,  T.  =  A  —d. 

aay  (msiiiiied  vnlueH  of  f,  jf,  nnil  v..  In  general  tlic  eijustion  "ill 
not  be  &ati«ficil,  but  there  will  remaio  a  Bmall  differeocc  betOMS 
the  two  members,  which  we  may  call  ii.  Let  hs  call  a,  Ihs  differ- 
ence oliuitied  ill  the  same  way  (rom  the  ««coad  equtktion,  A>  froai 
the  third,  and  so  on,  and  let  us  put  8  for  the  sum  of  the  «qiufMol 
tlieee  quantitieB,  so  that 


Then,  for  each  spttem  of  valueR  of  j\  y.  and  it,,  which  we  chonM  ta 
Msuine,  there  will  be  a  correfponding  value  of  8,  aad  the  mnt 
probable  system  of  values  will  be  tha<.  which  makes  8  '.he  lewt 

The  method  by  which  ihia  result  i»  reached  ia  called  tht  tsHhai 
qfltail  tquartt,  and  is  developed  in  works  un  astronomical  cnrnpU' 
taiione, 

Ueaanrements  of  the  Parallax  of  Uars.  — Tliis  parallax  nuir 
be  determiDed  from  obserintions  in  two  ways.  In  that  umullf 
adoptcti  there  are  two  olwervcre  or  set*  of  observers,  one  in  the 
northern  and  the  other  in  the  soutlicm  hemisphere,  each  of  wlioiii 
determines  the  declination  of  the  planet  from  day  to  day  it  the 
moment  of  transit  over  his  meridian.  These  declinations  will  he 
different  by  the  whole  nmoiint  of  panillactic  difference  betweeo  the 
two  stations,  or  by  the  anele  8"  PS"  in  Fig.  Ilj,  p.  40.  The  obsem- 
tiona Hre  continued  through  the  period  when  Mimia  nearest  the enrlh. 
generally  about  a  couple  of  months.  Any  opposition  of  the  plinM 
rony  be  chosen  for  thjs  purpose,  but  the  most  favorable  one*  ii* 
IhoM  when  the  planet  is  nearest  its  perihelion.  Should  the  pluel 
be  exactly  at  its  perihelion  at  the  tune  of  opposition,  its  dtstance 
from  the  earth  would  be  only  about  0-8T,  while  at  aphelion  it  would 
be  0'08.  This  Bntal  difference  is  owing  to  the  considerable  eocon- 
tricity  of  the  orbit  of  Mnra.  as  can  be  seen  by  studying  Fig.  48, 
p.  IIS,  which  gives  a  plan  of  most  of  the  orbits  of  the  larger plancti- 
The  favorable  oppositions  occur  at  intervals  of  16  or  17  years.  OM 
was  that  of  16112,  which  gave  almost  the  Bret  conclusive  evidence  thit 
the  old  parallax  of  the  Run  found  by  Enckk  was  too  small.  Thi> 
parallax  was  B''-'i7T,  find  the  corresponding  distance  i>f  the  sun  wm 
119}  millions  of  miles.  The  observation h  of  1882  seemed  to  Bho" 
that  this  parallax  must  be  increased  by  about  one  thirtieth  part,  and 
thediBt«nce  diminished  inabout  the  same  ratio.  But  themustrecent 
rMults  make  it  probable  that  the  change  should  not  be  quite  *• 
ffreat  as  this. 

An  extremely  favorable  opposition,  in  reKuect  of  distance,  was  thst 
of  September  r.th.  1H77,  which  occurrci  15  days  after  -W.™  pasa«l 
its  perihelion.  On  September  3d  its  distance  from  the  earth  WM 
only  0-877  -less  than  it  had  been  at  any  lime  sinM:  Aii;rtBt,  18«. 
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Parallax  of  Hare  in  Bight  AscensioiL.— Another  method 
F  meaturing  the  parallax  of  Mart  ie  founded  on  principles  entirely 
Ifferent  from  those  wc  hiive  liitlierto  considered.  In  Ihe  latter, 
Btions  liave  to  l>e  mode  by  two  obaervcrs  in  opposite  hemi- 
s  of  tlie  eurtli.  But  un  observer  at  an;  point  on  the  earth's 
e  is  carried  around  on  a  circle  of  latitude  every  da;  by  the 
UnuU  raotiun  of  the  eartli.  In  consequence  of  this  motion,  there 
mt  b«  a  correspondiog  apparent  motion  of  each  of  the  planeta  in 
I  Opposite  direction.  In  other  vords,  the  parallax  of  tne  planet 
USE  M  diRerent  ut  different  times  of  the  day.  This  diurnal 
laiiffe  in  the  direction  of  the  planet  admits  of  being  measured  in 
«  follawing  way  ;  The  t-ffect  of  parallaJt  is  always  to  make  a 
Uivenly  body  appear  nearer  tKa  horisoa  than  it  would  appear  as  seen 
—  the  centre  oE  the  earth.  This  will  be  obvious  if  we  reflect 
lui  obscrviT  moving  rapidly  from  the  centre  of  the  cartb  to  its 
Diference,  and  keeping  his  eye  fixed  unon  a  planet,  would  am 
«  planet  appear  to  move  m  an  opposite  direction— that  is,  down- 
■M  relative  to  the  point  of  the  earth's  surface  which  he  aimed  at. 
iBcr  a  planet  rising  in  the  eoMt  will  ri^e  later  in  consequence  of 
trklUx,  and  will  set  enriier.  Of  course  the  rising  and  setting 
~not  he  observed  with  sufficient  accuracy  for  the  purpose  of 
tilax,  hut,  since  a  Hxed  star  has  no  purallax,  the  position  of 
planet  relative  to  the  stars  in  its  nciKbhorhood  will  change 
iring  the  interval  Irctween  the  rising  and  setting  of  the  planet. 
i«  observer  therefore  determines  the  positon  of  Man  relative 
the  stars  surrounding  him  shortly  after  he  rises  and  again 
orttv  before  be  sets.  The  observations  are  repeated  night 
«r  night  as  often  as  possible.  Between  each  pair  of  east  and 
«t  olwervalions  the  planet  will  of  course  change  its  position 
long  the  stars  In  consequence  of  the  orbital  motions  of  the 
rth  Mid  planet,  but  these  motions  can  be  calculated  and  allowed 
',  and  the  changed  still  outstanding  will  then  bo  due  to  parallax. 
The  most  favorable  regions  for  on  oliserver  to  deti^rmino  the  par- 
'-1  in  this  way  are  those  near  the  earth's  equator,  bcenusc  he  is 
B  carried  around  on  the  largest  circle.  If  he  is  nearer  the  Dolea 
the  equator,  the  circle  will  be  so  small  that  the  pnrallnx  will  be 

lly  worth  determining,  while  at  tbe  poles  there  will  be 

iwtic  change  at  all  of  tlie  kind  just  described. 
Applications  of  this  method  have  not  bfcn  very  numerous, 
though  it  was  suggested  by  Flamstegii  nearly  two  centuries  ngt 
lelBtextandmostsuccessfultrialof  it  wosmadcby  Mr.  David Gii._ 
England  during  the  opposition  of  Mars  in  1877  nbove  described. 
le  point  of  observation  chosen  by  him  was  the  island  of  Ascen- 
Va,  west  of  Africa  and  near  the  equator.  His  measures  indicate 
BOIuiderablc  reduction  in  the  recently  received  values  uf  the  solar 
p«llax,  and  an  increnae  in  tbe  distance  of  the  sun,  making  the 
""-r  come  somewhat  nearer  to  tbe  old  value. 

AoounM7  of  the  Detorminations  of  Solar  Parallax. - 

be   parallax  of  Marg  ut  opposition  is  rare\y  mote  ftian.  J 


i 
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Stl",  ani]  the  relntive  parallax  of  Verms  and  Die  san  at  tliv 
time  of  the  transit  ie  lesP  than  24'.  These  qnantitiee  are 
eo  einall  a»  to  ahuu^  chide  very  precipe  measurement ;  it 
is  hardlr  poseihle  hy  any  one  Bet  of  loeiiBiirea  of  p«ra]liu 
tu  delertnine  tJie  latter  witliout  an  uueertainty  of  ^Jo  "*'  '** 
nliule  amount.  In  tlie  distance  uf  tJie  sun  tiiis  eorre- 
bpciids  to  an  uncertaintv  of  nearly  half  a  million  of  milee. 
.\strouomer8  have  therefore  sought  for  other  methods  of 
determining  the  sun's  distance.  Although  some  of  these 
may  hcalittlemoreeertain  than  measures  of  parallas,  there 
is  none  hy  whicli  the  distance  of  the  sun  can  be  determined 
\ritli  any  approximation  to  the  accnracy  which  character- 
izes other  celestial  measnrcs. 

Other  Methods  of  Detarmmuig  Solar  Parallax.  —  A 
very  inleresling  and  pml.iibly  the  ningt  ai;ciir.ite  mclhi»d 
of  measuring  the  sun's  distance  is  bv  using  light  as  a  mes- 
senger lictween  the  sun  and  the  earth.  We  shall  hi-reafier 
see,  in  the  chapter  on  aberration,  that  the  time  required  for 
light  to  puss  from  the  enii  to  the  earth  is  known  with  con- 
siderable exactness,  being  very  nearly  4ftS  seconds.  If 
then  we  can  determine  experimentally  how  many  loilee  or 
Idlomelres  light  moves  in  a  second,  we  shall  at  once  have 
the  distance  of  tlie  sun  by  multiplying  that  quantity  by 
498.  Bnt  the  velocity  of  light  is  about  3iXl,(XH)  kilometres 
per  Beeond.  Tliis  distance  would  reach  about  eight  tiniei' 
around  the  earth.  It  is  rarely  possible  that  two  points  on 
tlie  earth's  surface  more  than  a  hnndred  kilometres  apart 
are  visible  from  each  other,  and  dietinct  vision  at  dmtances 
of  more  than  twenty  kilometres  is  rare.  Hence  to  deter- 
mine experimentally  the  time  required  for  light  to  jiass 
between  two  terrestrial  stations  requires  the  measurement  of 
an  interval  of  time,  which  even  under  the  moet  favorable 
cases  can  be  only  a  fraction  of  a  thonsandth  of  a  second. 
Methods  of  doing  it,  however,  have  been  devised  and  ex- 
oonted  by  the  French  physicists,  Fizeau,  Fopcatlt,  and 
CoBNP,  and  quite  recently  by  Ensign  Michelson  at  the 
U.  S.  Naval  Academy,  Annapolis.     From  the  experimeuba 
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of  tlic  latter,  wliich  are  probably  the  most  accurate,  the  ' 
velocity  of  light  would  seem  to  be  about  299,900  kilome- 
tres per  second.  Multipl^-ing  this  by  498,  weobtain  149,- 
3i>0,0(>0  kilometres  fur  the  distance  uf  the  sun.  The  time  ^ 
recjiiired  for  light  to  pa£6  from  the  siiii  to  t)ie  earth  is  stitt 
ii>i(«rtain  by  nearly  a  second,  but  this  value  of  tlic  suii*fl 
distance  is  probably  the  Insst  yet  obtained.  The  corre 
spondiiig  value  of  the  sun's  parallax  is  8"'^!. 

Yet  other  methods  of  determining  the  sun's  distance  1 
are  given  by  the  theory  of  gravitation.  The  best  knowifj 
■  of  these  depends  upon  the  detemiination  of  the  jtandlactii 
ineqnality  of  the  moon.  It  is  foimd  by  mathematical  in-l 
veettgation  that  the  motion  of  the  moon  is  subjected  tol 
several  inequalities,  having  the  sun's  liorizontal  ])ai'a!lax 
■8  a  factor.  In  consequence  of  the  largest  of  these  in- 
equalities, the  inotin  is  about  two  minutes  behind  its  mean 
place  near  the  lirst  quarter,  and  as  far  in  advance  at  the 
last  quarter.  If  the  position  of  the  moon  could  be  deter- 
mined by  observation  with  the  same  exactness  that  the  po- 
sirion  of  a  star  or  planet  can,  this  would  probably  afford 
the  most  accurate  method  of  detennining  the  solar  par- 
allax, ihit  an  obsei-vation  uf  the  moon  has  to  he  made, 
not  njKin  its  centre,  but  ujkiu  its  limb  or  circmnfcrence. 
Only  the  limb  nearest  the  sun  is  vieiblc,  the  other  one 
heitig  unilluminatcd,  and  thus  the  illuminated  limb  on 
whidi  the  observation  is  to  be  made  is  different  at  the  first 
and  third  quarter.  These  conditions  induce  an  uncertaiu- 
t3'  ill  the  comparison  of  observations  made  at  the  two 
quartern  which  cjumot  lie  entirely  overcome,  and  therefore 
leave  a  doubt  resiwcting  the  correctness  of  the  ix'sult. 

Brief  History  of  Determinations  of  the  Solar  Parallax. 
— The  distance  of  the  sun  must  at  all  times  have  been  one 
of  the  most  interesting  scientific  problems  presented  to  the 
human  mind.  The  first  known  attempt  to  effect  a  solu- 
tion of  the  problem  wjj*  made  by  Aribtaechiib,  who  flour- 
ished in  the  third  century  before  Chkist.  It  was  founded 
on  the  principle  thai  ihe  time  of  the  moon's  first  (^xwitei 
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will  vary  with  the  ratio  between  the  dietAiice  of  the  moon 
and  Bun,  which  maj-  be  Bhown  as  follows.  In  Fig,  tls 
let  £'represeut  the  earth,  M  the  moon,  and  ^'  the  eiin. 
Since  the  sun  always  ilhiininates  one  half  of  the  lanar 
globe,  it  is  evident  that  when  one  half  of  the  moon's  diet 
appears  illuminated,  the  triangle  KM  iiaust  he  riglit- 
aogled  at  J/1  The  angle  M  E  S  can  be  detenniued  bv 
measure  men  t,  being  equal  to  the  angular  ditatanou  between 
the  sun  and  tlic  moon.  Having  two  of  the  angles,  tk 
third  e^u  be  determined,  because  the  sum  of  the  three 
mtiEt  make  two  right  angles.  Thence  we  shall  Imvc  ilit 
ratio  between  EM,  the  distance  of  the  moon,  and  £S, 
the  diBtancc  of  the  sun,  by  a  trigonometrical  compntation. 


Then  knowing  the  distance  of  the  moon,  Trhich  can 
detennined  with  comparative  ease,  we  have  the  distance 
the  Bun  by  multiplying  by  this  ratio.     AjusTARCnus  con^ 
eluded,  from  his  supposed  measures,  that  the  angle  M  ES 
was  three  degrees  less  than  a  right  angle.     We  sb 
then  have  -jr-ji  =  sin  Z°  ^  ^  very    nearly.       It 

follow  from  this  that  the  sun  was  13  times  the  distant 
of  the  moon.  We  now  know  that  this  result  is  entirely 
wrong,  and  that  it  is  impossible  to  determine  the  time 
when  the  moon  is  exactly  half  illuminated  with  any  ap- 
proach to  the  accuracy  necessary  in  the  solution  of  the 
problem.     In  fact,  the  greatest  angular  distance  of  the 


I 
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aad  moon,  aa  seen  frunt  the  eun — that  In,  the  angle 
f — is  only  abont  one  quarter  the  angular  diameter  of 
oon  B8  seen  from  the  earth. 
J  Becoiid  attempt  to  determine  the  distance  of  the 

mentioned  by  Ptolemy,  thongh  IIippakchus  may  be 
al  inventor  of  it.  It  h  founded  on  a  somewhat  com- 
gcoinetrica!  construction  of  a  total  eclipe  of  the 
It  is  only  necessary  to  state  the  result,  which 
hat  the  sun  was  situated  at  the  distance  of  1210  radii 

earth.  This  result,  like  the  former,  was  due  only 
an  of  observation.  So  far  as  all  the  methods  known 
1  time  could  show,  the  real  distance  of  the  sun  ap- 
i  to  be  iniinite,  nevertheleee  Ptolemy's  result  was 
ed  without  question  for  fourteen  centuries, 
len  the  telesc^ipe  was  invented,  and  more  accurate 
rations  became  possible,  it  was  found  that  the  sun's 
ce  must  l>e  greater  and  its  parallax  smaUer  than 
MV  had  snpposed,  but  it  was  still  impossible  to  give 
leaenre  of  the  parallax.  All  that  could  be  said  was 
;  was  lees  than  the  smallest  quantity  that  could  be  de- 
on  by  measurement.  The  tirnt  approximation  to  the 
alue  was  made  by  Uorkox  of  England,  and  after- 
by  HrvGHKSS  of  Holland.  It  was  not  founded  on 
;tenipt  to  meaaurc  the  parallax  directly,  but  on  an 
ite  of  the  probable  magnitude  of  the  earth  on  the 
)f  the  solar  system.  The  magnitude  of  the  planets 
s  scale  being  known  hy  measurement  of  their  appar- 
igular  diameters  as  seen  from  the  earth,  the  solar 
«x  may  be  found  when  we  know  the  ratio  between 
ameter  of  the  earth  and  that  of  any  planet  whose 
ir  diameter  has  l>een  measured.  Now,  it  was  sup- 
by  the  two  astronomers  we  have  mentioned  that 
irth  was  probably  of  the  same  order  of  magnitude 
he  other  planets. 
tBOX  had  a  theory,  which  we  now  know  to  be  erro- 

that  the  diameters  of  the  planets  were  proportional 
ir  distances  from  the   "un— iu  otlier  wonis,  that  all 
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tlio  plancto  would  appetkr  of  tlie  eanie  diameter  when 
from  tLo  buu,  Tliis  dtometi^r  he  estimated  at  2S',  fran 
which  it  followed  that  the  solar  parallax  was  14'.  IlrrbBt.'w 
afiauiiied  that  the  actual  magnitude  of  tlie  earth  wae  mid- 
way between  those  of  the  two  planets  Venus  and  Mart  on 
each  side  of  it ;  he  thus  obtained  a  rvsult  reiiiarkahlj  wax 
the  tnith.  It  is  true  that  in  reaUty  the  earth  \»  a  little 
larger  than  either  Venus  or  Mars,  but  the  imperfect  \A- 
eecopee  of  that  time  showed  the  planets  lai^r  than  they 
reall;  were,  so  that  the  mean  diameter  of  the  enlaieed 
planets,  as  seen  in  the  telescope  of  Huyguenb,  was  such  u 
to  correspond  very  nearly  to  the  diameter  of  the  earth. 

The  tirst  really  succesBful  tneasare  of  the  panllai 
of  a  planet  was  niade  upon  Mars  duiing  the  oppoeition  of 
1672,  by  the  tirst  of  the  two  methods  already  described. 
An  expedition  was  sent  to  the  colony  of  Cayenne  to  ob- 
serve tlie  declination  of  the  planet  from  night  to  Digbt, 
while  corresponding  observations  were  made  at  the  Paris 
Obeer^'atory,  From  a  diseuseion  of  tliese  observati<H», 
Cassini  obtained  a  solar  parallax  of  d'>5,  which  is  within 
a  second  of  the  truth.  Tlie  next  steps  forward  were  ma^ 
by  the  transits  of  Vernis  m  17GI  and  1769,  The  leading 
civiUzed  nations  caused  observations  on  these  transits  to  be 
made  nt  various  points  on  the  globe.  The  method  used 
was  very  simple,  consisting  in  the  determination  of  tlie 
times  at  which  V^ntis  entered  upon  the  sun's  disk  and  left 
it  again.  The  absolute  times  of  ingress  and  egress,  as  seen 
from  different  points  of  the  globe,  might  differ  by  iW) 
minutes  or  more  on  account  of  parallax.  The  results, 
however,  were  found  to  be  discordant.  It  was  not  until 
more  than  half  a  century  had  elapsed  that  the  ol^ervations 
were  all  carefully  calculated  by  Encke  of  Germany,  who 
concluded  that  the  parallax  of  the  sanwas  8'>5S7,  and  the 
distance  95  miUions  of  mites. 

In  1854  it  began  to  be  suspected  that  Encke's  value  nf 
the  parallax  was  much  too  small,  and  great  labor  was  now 
duvoted  to  u  solution  uf  the  problem.     H^jjse:;,  from  tlm 
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iparallactio  inequality  of  tlie  moon,  tirst  found  the  parallax, 
of  the  sun  to  be  8' -97,  a  quantity  which  he  witerward  re*' 
dnced  to  8'- 916.  This  result  seemed  to  ho  confirmed  by^ 
other  observations,  especially  those  of  Mara  during  the 
opposition  uf  1862.  It  was  therefore  concluded  that  the 
eon's  parallax  was  probably  between  8*-90  and  S'-OO. 
Subaequeut  ivsearches  have,  however,  been  diminiBbtog 
this  value.  In  IS67,  from  a  discussion  on  all  the  dal 
which  were  eoneidered  of  value,  it  was  concluded  by  oneJ 
of  the  writers  that  the  moet  probable  parallax  was  8'-848, 
The  measures  of  the  velocity  of  light  made  by  Miohklbon 
!u  1878  reduce  this  value  to  8' -81,  and  it  is  now  doubtful 
whether  the  true  value  is  any  larger  than  tliis. 

The  observations  of  the  trausit  of  Venu^  in  1874  have 
Qot  been  completely  discussed  at  the  time  of  writing  thes» 
pages.  When  this  is  done  some  further  light  may  be 
thrown  upon  the  question.  It  is,  liowever,  to  the  deter- 
luiustion  of  tlie  velocity  of  light  that  we  are  to  look  for 
the  best  result.  All  we  can  say  ut  present  is  that  the  so- 
Ur  parallax  is  probably  between  8' -79  and  8' -83,  or,  if^ 
oatfiide  these  limits,  that  it  can  be  very  little  outside. 


1 


1 

1 

r 
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In  estimating  celestial  masses  as  well  as  distances,  it  is  necesaary 
to  tue  what  w«  may  call  culcHtial  units— that  is,  to  lake  ttie  mass  of 
•ome  celestial  body  as  a  uoit,  instead  of  any  multiple  of  the  pound 
or  kilogram.  The  reason  of  this  is  that  the  ratios  among  the 
mmwCA  of  the  planetary  system,  or,  which  is  the  same  thiog,  the 
nuBi  of  vach  body  ia  terms  of  that  of  some  ooe  body  as  the  unit, 
can  be  determined  independently  of  the  mnss  of  any  ooe  of  IbLm. 
To  express  a  moss  in  kllt^ams  or  other  terrestrial  units,  it  ia  neces- 
SU7  to  find  the  mass  of  the  earth  in  such  units,  as  already  explained. 
This,  however,  is  not  necessary  for  astronomical  purposes,  where  only 
the  relative  maaaca  of  the  several  planets  nre  required.  In  eatimat' 
ing  tbc  raaBseg  of  Ihu  individual  planets,  that  of  the  sun  is  generally 
V&KD  as  a  unit.  The  planetary  masses  will  then  all  be  very  small 
fractions. 

Mames  of  the  Earth  and  Sun.— We  ahall  first  consider  the 
mtiM  (if  the  earth  because  it  is  connected  by  a  very  curious  relation 
with  ihi'  parallax  of  the  «ua.   Knowinglhc  latter,  we C&n  dv\»naWA 
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the  XMM  of  the  sun  rcUtlvc  to  llie  earth,  which  is  the  sune  thing 
M  determining  the  MtruDomieal  mass  or  \\\e  earth,  th&t  of  the  sun 
being  unity.  This  may  \>e  clearly  aeeii  by  reflecting  that  when  wt 
know  the  radius  of  the  earth's  orbit  we  can  dftrmine  how  fw  Ik 
earth  moves  aaide  from  u  straight  line  in  one  second  in  consequcim 
of  the  attraction  of  the  sun.  This  motion  measures  the  attraetiTe 
force  of  the  sun  at  the  distance  of  the  earth.  Comparing  iiwilb 
the  attractive  force  of  the  earth,  and  making  allowance  for  the 
difference  of  distances  from  centres  of  the  two  bodies,  we  deter- 
mine the  ratio  between  their  masHC». 

The  calcuUtion  in  Question  is  made  in  tlic  most  simple  and  tie- 
mentary  manner  as  follows.     Let  us  put : 

'T,  the  ratio  of  the  circumterenee  of  a  circle  to  its  diameter  (ir  = 
3'1413»...) 

Q  radius  of  the  earth,  or  the  radius  of  u  sphere  having 


the  SI 


mlum 


s  the  earth. 


I,  the  mean  distance  of  the  earth  from  the  sun, 
g,  the  force  of  gravity  on  the  earth's  surface  atn  point  where  tJK 
rodiua  is  r — that  is,  the  distance  which  a  body  will  fall  id  one 

J/',  the  sun's  attractive  force  at  the  distance  a. 

T,  the  number  of  seconds  in  a  sidereal  year. 

M.  the  mass  of  the  f-an. 

m,  the  mnsB  of  the  earth, 

P.  the  sun's  mean  horizontal  parallax. 

The  forco  of  gravity  of  the  sun,  g',  may  be  considered  ns  cqail  >• 
the  so-called  centrifugal  force  of  the  esrlb,  or  to  the  distance  whicb 
the  earth  falls  towiird  the  Bun  in  one  second.  By  the  foiinuis  for 
centrifugal  force  given  in  Chapter  VI 11.,  p.  21M,  we  have, 

,  _  4  ir'  a 


and  by  the  law  of  graviti 


/  =  Ji 

whence 

ilf        ii^a 

„i  ~     7.. 

and 

T' 

We  have. 

n  the  same 

way,  for  the  earth, 
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le  ruio  of  the  muses  of  the  eartli  aotl  sun,  we  liave : 


>  rornmls  (or  puiillmx  in  ChkpUr  I.,  { 


n /'.■.".= 


1 


irith  great 


proportiiinat  to  tbe  cub«  of  the  Botar  parntlax. 


i  866  dtya.  fl  hours,  9"'  fl- 
D  radius  of  the  earth  in  n 
»  of  grafiiy  in  metres. 


31  S3B  149, 
6  870  OOS, 

S-8203, 

the  fonuuiiv. 


^  =  1T-B 


i*lsn'/',t 


the  qnkntity  in  brackets  ia  the  logaritfam  of  the  factor, 
ill  be  coDvoriient  to  make  two  cliangos  in  the  purallu  P.  This 
is  BO  eiceedingtj  imnll  that  wd  may  regard  it  us  e<|ual  to  its 
To  express  it  in  seconds  we  must  multiply  it  liv  the  number 
onJs  in  tbe  unit  radius— that  is.  by  20S2GS'.  This  will  make 
wconds)  =  206266'  ein  P.  Again,  the  standard  to  which  par- 
I  are  referred  is  always  the  earth's  equatorial  radius,  whicn  is 
r  than  r  by  about  ^  of  its  whole  amount.  Bo,  if  we  put  P' 
I  equaioriiil  honzoutal  parallax,  expressed  in  secunda,  we  shall 


=  <1  +  Tft)i'>«3e&'si 
n  1'  in  terms  of  F', 


P -[6  sun]  Bin  P, 


[C'314»2J 

be  raean  radius  of  Ilic  earlli  h  not  tlic  meiin  of  [be  polar  and 
■rial  ndil,  but  one  ILird  the  sum  of  the  polar  ntdius  iind  twice 
uatorial  one.  because  we  can  dmw  lltrce  »uch  radii,  cucli  mak- 
right  angle  with  the  other  two. 

Dumber  eDctosed  in  In-ickete  Is  frequently  used  to  algnify  the 
Dub  of  ft  coefficient  or  divisor  to  tic  used. 


23(1 
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n 

ir  wc  s 

IhequoticDUrf 

the  misses,  iL  in«y  be  put  into  eilher  of  the  funns  : 

3i        [8-85493} 

P'      • 

p-=[2.-!UiS]f^y, 

Ttio  firat  formuli  kitps  the  wlio  of  the  tnMsea  when  the  solirpM- 

alUx  IB  kn 

!>wn  ;  thececond.  the  p»r»llM  when  the  ratio  of  Ihe  musrt 

i»    t>DOWD. 

The  follow  ine  table  shows,   for  differen 

xalues  of  l)H 

RnddisU»nal 

the  sun  in 

ieiT£.stnal  measures : 

DatAnem  of  tb«  Sfb. 

Jl 

P- 

■MTff 

IB  mimoiii  or 

UlilM. 

'iss:' 

8" -73 

837099 

28973 

03-421 

150-3tf 

8'. 76 

saessG 

S354a 

83 

314 

150-17! 

8--77 

38S681 

23519 

03 

308 

150-001 

8"-78 

it34.^38 

23499 

S3 

103 

149  8311 

8'-7» 

383398 

234aS 

93 

090 

149  00 

8'. 80 

839302 

23439 

93 

890 

I48.4KI 

8"  81 

381133 

33413 

83 

785 

148390 

8'-es 

330007 

23386 

83 

080 

140  ISl 

S'SS 

328887 

833(10 

93 

575 

148  963 

8' -84 

327773 

23338 

89 

470 

1488U 

e-e* 

89«6M 

38807 

Va-308 

148  S4C 

We  have  said  thatthe  »oIar  parallax  is  probably  contained  betw*« 
the1inii(j<  8'.78  and  S'.SS.     It  is  ct-rtainly  hardly  mmp  than  ooeor 
two  hundredths  of  a  tiecond  without  them.    So,  if  we  wish  loexprMt 
the  conHtanls  relating  to  the  auo  in  round  numbers,  we  may  say  thai- 
Its  rninn  U  S30,0(ia  limes  that  of  the  earth. 
lis  dittnnct  iu  miks  is  1)3  millions,  or  perhaps  n  tittle  less. 
Its  distance  in  kilometres  is  probably  between   149  and  150  inil- 

Denait;  of  the  Sun. — A  rcmarkahle  resuU  of  the  preceding 
investigation  is  that  the  density  of  the  sun,  relative  to  that  of  the 
earth,  can  be  determined  independently  of  the  mass  ur  distance  o( 
the  sun  by  measuring  its  apparent  angular  diameter,  and  the  force 
of  gravity  at  the  earth's  surface.     Let  us  put 

D,  the  density  of  the  sun. 

d,  that  of  Ihf  earth. 

»,  the  Bun's  anguliir  se 
continuing  llic  nolulion  s 


i-diameter,  as  seen  from  the  earth.    Then, 
iidy  given,  we  shall  have : 


^^^^^^"  MASS  OF  THE  8UN. 

LinMT  T«diue  of  the  sun  =  a  Bin  «. 

Volume  of  the  sun  =  —  u'Bin'f 

3 

ffrom  the  formuls  for  (he  vohune  of  tt  sphere). 
M»BS  of  the  nun,     ,lf  =  */«'-DBin'«. 


Mass  of  the  earth,  t 


=  -T  r'd. 


I   the  equation  (a),  ftoO^ 


This  equation  solves  the  problem.  But  the  Euilution  mny  be  tnins- 
fortaed  in  expretwion.  We  know  from  the  Uw  of  falling  bodies  thftt 
ft  h«tTy  bodv  will,  in  vhe  time  I,  (all  through  the  distani^e  };C'. 
Heoc«  the  factor  9  T'  \s  double  the  dii;tanc«  which  a  body  would  fall 
in  ■  Bidere*!  ;ear,  if  the  force  of  gravity  could  act  upon  it  conlinu- 
oiuljT  with  the  Mme  inlensity  as  at  the  surface  of  the  earth.    Hence 

■-■-■  will  be   llie  nuniber  of  radii  of  the  earth  through  which  the 


It  V 


t  F  for  this  number,  the 


U~     2it'    ■ 

W«  therefore  have  this  rule  for  finding  the  density  of  the  earth 
rclatJTe  to  that  of  the  sun  : 

Find  how  mnnji  radii  0/  the  tarth  a  heaipy  body  icould  fall  throvgh 
fe  a  tidereal  yrar  t'n  tirtue  of  the  forte  of  graeUy  at  the  earth't  mr- 
'  let.     MuUipl]/  chit  number  by  tha  eubt  of  the  line  of  the  «in'»  anguhtr 

mt-ditmeler,  <u  tern  from  the  nirth,  and  itiride  bj/  the  numarieal 
Jiietart  ''  =  1S'7S93.  The  quotient  leifl  be  the  ratio  of  the  denritj/ 
^  the  tartX  to  thai,  of  tie  >un. 

From  the  numerical  ilata  already  given,  wo  find : 

Density  of  earth,  that  of  aun  being  unity, 

^  =  3. 9208. 
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I.  y\xtX  or  the  Mrth  bdng  unity, 
:^  =  0  25505. 


<t  give  UB  the  actual  densiu  of  either  bod;, 
lean  density  of  the  oarth  ig'aboDt  5(,  that  «t 
le  nun  is  therefure  about  40  or  GO  jwr  ciot 


These  relations  do  i 
We  hare  uid  that  the 
water  being  unity.  1 
denser  than  water. 

Hfifises  of  the  Plaaeta.'-If  we  knew  how  far  a  bod;  rmM 
fall  in  one  second  at  Ihe  surface  of  any  fther  planet  than  the  rartli, 
we  could  dplcrniine  its  mass  ia  much  the  same  way  a^  we  ha«e  de- 
termined that  of  the  earth.  Now  if  the  planet  has  a  satellite  n- 
rolving  around  it,  we  caji  make  this  dctennination — not  inderd 
directly  on  the  surface  of  the  planet,  but  at  the  distance  of  the  Ml- 
ellite,  which  will  emially  give  us  the  required  datum.  Indeed  bj 
observing  the  periodic  time  of  a  satellite,  and  the  angle  subtendedbj 
the  mnjor  axis  of  its  orbit  around  the  planet,  we  iiave  a  more  dirttt 
datum  for  detennining  the  maas  of  theplaoet  thun  we  actually  \ivt 
for  determining  that  of  the  earth.  {Of  course  we  here  refer  to  Iht 
masses  ot  the  planets  relative  to  that  of  the  sun  as  unity.)  In  (ad 
could  an  astronomer  only  statioD  himself  on  the  planet  IVntu  ud 
make  a  series  of  observations  of  the  angular  distance  of  the  noon 
from  the  earth,  he  could  determine  the  mass  of  the  earth,  ud 
thence  the  solai  parallax,  with  far  greater  precision  than  we  ate  like- 
ly to  know  it  for  centuries  to  come.  Let  ub  again  consider  tt« 
equation  for  M  found  on  [wgc  2!8  : 


Hen*  a  and  T  rosy  mean  the  mean  distance  and  periodic  time  of 
any  planet,  the  quotient  ^  being  n  constant  by  Ekpleb's  tlunl 
law.  In  the  same  equation  we  may  suppose  <t  the  mean  dintancfot 
a  satellite  from  its  primary,  and  T  its  time  of  revolution,  and  Jf  will 
then  represent  tlie  mass  of  the  planet.  We  shall  have  tberefon  f« 
the  mass  of  the  planet, 


I        l&ero 
P        ItatiD 


ing  the  mean  distance  of  the  satellite  from  the  planet,  and  f 
Ita  time  of  revolution.  Therefore,  for  the  mass  of  the  planet  rel 
ative  to  that  of  the  sun  we  have  : 


an  distance  of  the  planet  from  the 
rt'seiit  its  time  of  revolution.     Than.  ^ 
n'\f<\  \i-3  rUc  nkdius  of  Ihc  o  ' 


uuon.      laus  - 
ic  orbit  otd^l 
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•n  from   the  sun,  we  shall  have,  asBuming  the  orbit 


If  the  orbit  U  seen  in  a  direction  (lerjiendiciilsr  to  its  plane,  we 
should  have  to  put  tang  «  for  sin  *  in  this  formula,  but  the  angle 
.  BO  small  that  the  sine  and  tangent  are   almost  the  same.     If  we 
L  r  for  the  ratio  of  the  time  of  revolution  of  the  planet  to  that  ot 
the  satellite,  it  will  be  cquiTalent  to  suppoBing 


The  equation  for  the  n 


t  will  then  become 


which  u  the  simplest  fonn  of  the  usual  formula  for  deducing  the 
-" "  M  of  a  planet  from  the  motion  of  its  satellite.  It  is  true  that  we 
mot  observe  s  directly,  since  ne  cannot  place  ourselves  on  the 
.,  but  if  we  observe  the  angle  ■  from  the  earth  we  can  always 
reduce  it  to  the  «un,  because  we  know  the  proportion  between  the 
diatances  of  the  planet  from  the  earth  and  from  the  sun. 

All  the  large  planets  outside  the  earth  have  satellites;  we  can 
tberefore  determine  their  masses  in  this  simple  way.  The  earth 
having  also  a  satellite,  its  masa  could  be  determined  in  the  same 
WSJ  but  tor  the  circumstance  already  mentioned  that  we  cannot 
^elemine  the  distance  of  the  moon  io  plaoetary  unit»,  as  we  can 
the  distance  of  the  satetlitea  of  the  other  planets  from  their  pri- 

Tbe  planets  Mercury  and  Ventu  have  no  satellites.  It  is  therefore 
necessary  to  determine  their  masses  by  their  influence  in  altering 
the  elliptic  motions  of  the  other  planets  round  the  sun.  The  altera- 
tions thus  produced  are  for  the  most  part  so  small  that  their  deter- 
mination is  a  practical  problem  of  some  difficult;.  Thus  the  action 
of  Mtreurg  on  the  neighboring  planet  Vtnut  rarely  changes  the  po- 
sition of  the  latter  by  more  than  one  or  two  seconds  of  arc,  unless 
we  con>i)are  observations  more  than  a  century  apart.  But  regular 
aud  accurate  observations  of  Venui  were  rarely  made  until  after  the 
beginning  of  this  century.  The  mass  of  Venut  is  best  determined 
by  the  influence  of  the  planet  in  changing  the  position  of  the  plane 
or  the  earth's  orbit.  Altogether,  the  determination  of  the  masses 
of  Mercury  and  Vriiiu  presents  one  of  the  most  complicated  prob- 
tems  with  which  the  mathematical  astronomer  has  to  deal. 


CHAPTER    X. 

THE  REFRACTION-  AND  ABERRATION  OF  LIGHT. 
^   1.    ATMOSPHERIC   REFBACTIOir. 

When  we  refer  to  thu  jJiu-e  of  ;i  planet  or  star,  wa 
neually  mean  its  (jnie  pliwe — i.c.y  ile  directifni  from 
an  observer  situated  at  tlie  centre  of  the  earth,  consid- 
ered as  a  geoinotrical  point.  We  have  shown  in  the  sec- 
tion on  parallax  how  observations  which  are  iiepeseariiy 
taken  at  the  surface  of  the  earth  are  redui-ed  to  what  they 
would  liuve  been  if  the  obeerver  were  situated  at  the 
earth's  centre.  In  this,  however,  we  have  suppopcd  the 
star  to  uppear  to  be  projected  on  the  celestial  sphere  in 
the  prolongation  of  the  line  joining  the  obser\'er  and  the 
star.  The  ray  from  the  star  is  considered  as  if  it  suffered 
no  deflection  in  passing  through  the  stellar  spaces  and 
through  the  earth's  atmosphere.  But  from  the  principles 
of  physics,  we  know  tiiat  sucli  a  Inminons  ray  passing  from 
an  empty  space  (as  the  stellar  spaces  are),  and  through  an 
atmos[>here,  must  suffer  a  refraction,  as  every  ray  of  light 
is  known  to  do  in  passing  from  a  rare  into  a.  denser 
niedinin.  As  we  see  the  star  in  the  direction  which  its 
light  beam  has  when  it  enters  the  eye — that  is,  as  we  pro- 
jeot  the  star  on  the  celestial  s])here  by  prolonging  this 
light  iMiani  backward  into  space — there  must  be  an  appar- 
ent displacement  of  the  star  from  refraction,  and  it  is 
this  which  we  are  to  consider. 

We  may  recall  a  few  definitions  from  physice.  The 
ray  which  leaves  the  star  and  impinges  on  the  outer  sur- 
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fa(re  of  tlie  earth's  atmoapliere  is  called  the  hicident  my  f 
sfter  ite  deflection  by  the  atmosphere  it  is  called  the  re- 
J'ract^d  ray.     The  difference  between  tliese  directionB  is 
called  the  aKtronomical  refraction.     If  a  normal  is  drawn 
(perpendicular)  to  the  snrface  of  the  refracting  medinm  at 
the  point  where  the  incident  raj  meets  it,  the  acute  angle 
between  the  incident  ray  and  the  normal   is  called  the 
angle  of  incidence,  and  the  acute  angle  between  the  nor- 
mal and  the  refracted  ray  ia  called  the  angle  of  refraction. 
■  Tlie  refraction   itself  is    the    difference  of  these   angJe*. 
The  nonnal  and  both  incident  and  refracted  rays  are  in 
llie    same     vertical   plane.      In 

1 
1 

Fig.  (".9  S  A  is  the  ray  incident 
npon  the  surface  B  A  oi  the  re- 
fracting  medium    B'  £   A  N, 
A  C  is  the  refracted  ray,  M  ,V 
the  normal,  SA  M  and   CA  N 
the  angles  of  incidence  and  re- 
fraction respectively.      Prt.dnce 
C  J  backward   in  the  direction 
AS  :  S  AS  is  the  refraction. 

■ 

■ 

1 

i 

■ 

An  observer  at   Cwill  see   the 
rtar  S  as  if  it  were  at  S.     A  S 
IB  the  apparent  direction  of  tlie  r 
S  is  the  ajrparetit  place  of  the  st 
tion. 

Tliis  snpposes  the  space  above 
entirely  empty  spaces,  and  the  ea 

ever,  the  earth's  atmosphere  is  mt 
the  earth,  and  gradually  diminishei 
boundary.    Therefore,  if  we  wisi 
they  are,  we  must  suppose  the  at 
into  »  great  number  of  parallel 
Burning  an  infinite  niinihcrof  thest 
throughout  each  of  them  the  air 
the  preceding  figure  will  only  re 

y  from  tlie  slitr  A',  anc 
ar  as  affected  by  refrao- 

B  B'  in  the  figure  to  be 
-th's  atmosphere,  equally 
>e\o^BB'.  lnfact,how- 

st  dense  at  the  surface  ol 
a  in  density  to  its  exterior 

to  represent  the  facta  U 
mosphere  to  be  divideC 
ayers  of  air,  and  by  a»- 

we  may  also  assume  tha 
s  equally  dense.     Hcno 
ireeent  the  reiiatlxou  1 

1 

1 

gg^_ 
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a  eingle  one  of  these  layers.  It  follows  fram  this  that  tlie 
path  of  a  raj  of  tight  through  the  atmosphere  b  nota 
etraight  line  like  ^1  C,  but  a  cnrve.  We  mav  enppoM 
this  curve  to  ho  represented  in  Fig,  70.  where  the  num- 
ber of  layers  has  been  taken  very  einall  to  avoid  4>onf  aung 
Uie  drawing. 

Let  (.'  be  the  centre  and  A  a  point  of  the  surface  of  the 
earth  ;  let  .S  be  a  star,  and  Sen  ray  froTn  the  riv 
which  is  refracted  at  tVie  various  layers  into  which  we  sup- 
pose the  atmosphere   to  be   divided,   and  which  Snully 


enters  the  eye  of  an  obseiver  at  -1  in  the  apparent  direc- 
tion A  S.  Jle  will  then  see  the  star  in  the  direction  S 
instead  of  that  of  S  S,  and  i'  A  S,  the  refraction,  will 
throw  the  star  ni-arer  to  the  zeuith  Z. 

The  angle  S"  A  Z  ia  the  apparent  zenith  distance  of  ^5^ ; 
the  true  zenith  distance  oi  S  is  Z  A  S,  and  this  may  be 
assumed  to  coincide  with  Se,  as  for  all  heavenly  bodies 
except  the  moon  it  practically  does.  The  line  Se  pro- 
longed will  meet  the  line  A  Z]n  d.  point  above  A,  sup- 
pose at  b'. 
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Re&aotioii. — A  consideration  of  the  phyHir^l  condi- 
red  ha*  led  to  the  (ollowing  fonn  for  the  refrtietion  in 
nilh  diatADce  (A  i), 

(A0  =  -4tan(;'-;(4fJ), 

1  which  C  is  the  apparent  zenith  distance  of  the  star,  and  J  is  a 
anstant  to  be  determined  b;  observation.  A  is  (ound  to  be  about 
?',  vt  that  we  may  write  (a  0  =  37'  tan  "  approximatelj. 

This  expression  gives  what  is  called  the  meau  refraction  —that  is, 
K  refraction  corresponding  to  a  mean  state  of  the  barometer  and 
lermomeler.  It  ia  riear  that  changes  in  the  temperature  and  pree- 
irewill  affect  the  density  of  Ihesir.  and  hpDcoits  refractive  power. 
he  tables  of  the  tnean  refmrtion  made  by  Besbel.  baaed  on  a  more 
Bcurate  formula  than  the  one  above,  are  now  usually  used,  and  these 
re  accompanied  by  aiixiliar)'  tables  giving  the  small  corrections  for 
le  state  of  the  meteorological  instruments. 

Let  us  consider  some  of  the  consequencea  of  refraction,  and  for 
DT  purpose  we  may  take  the  formula  (A  i)  =  ST  tan  C,  as  it 
ery  nearly  represents  the  facts.  At  f  =  0  (A  f)  =  0.  or  at  the 
pparent  zenith  there  is  no  refraction.  This  we  should  have  antici- 
tted  aa  the  incident  ray  in  itself  normal  to  the  refracting  surface. 

The  follotring  extract  from  a  refraction  table  gives  the  amount  of 
ifractioa  at  varioug  zenith  distances  : 


Quantity  and  Effects  of  SstraatiQn.~At  45°  tlic  rcfrac- 
ion  is  about  1',  and  at  00°  it  i.-*  34'  30° — that  is,  bodies  at 
he  zenitb  distances  of  45°  and  90°  appear  elevated  above 
heir  trae  places  by  1'  and  34J'  respectively.  If  llie  ann 
ns  just  risen — tliat  is,  if  its  lower  limb  ifl  jnst  in  apparent 
ontact  with  the  liorizon,  it  is,  in  fact,  entirely  below  the 
roe  horizon,  for  the  refraction  [S't")  has  elevated  ita  eeu- 
re  by  more  than  its  whole  apparent  diameter  (S2'). 

Tlie  inoon  is  fall  when  it  ia  exactly  opposite  the  sun, 
hd  therefore  were  there  no  atnioepliere,  moon-rise  of  a 
ill  moon  and  snnset  vronld  be  simnltaneouE.     In.  iuA^ , 
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both  iKxliee  being  elei.'atef}  by  refraction,  we  see  iheii 
tnuoii  rieeii  before  the  smi  has  set.     On  April  i^Otli,  IMT, 
the  full  moon  rose  ed!peed  before  the  sun  fiad  set. 

We  see  from  the  table  that  the  refraction  varies  com- 
porativcly  little  between  0°  and  60°  of  zenith  difitance,  but 
tliat  beyond  S0°  or  85"  its  variation  is  quite  rajnd. 

The  refraction  on  the  two  liinbsof  the  sun  or  moon  will 
then  Ikj  different,  and  of  cout^egreatur  on  the  lower  hrab. 
Tlua  will  apparently  be  lifted  up  toward  the  upper  limb 
more  than  the  upper  limb  is  lifted  away  from  it,  and 
hence  tlie  sun  and  moon  appear  oval  in  ehape  wben  near 
the  horizon.  For  example,  if  the  zenith  distance  of  the 
sun'fi  lower  limb  is  85",  that  of  the  upper  viill  lie  about 
84°  28',  and  the  refractions  from  the  tables  for  these  two 
zcnilh  distances  differ  by  1';  therefore,  the  aunwill^ 
pear  oval  in  shape,  with  axes  of  32'  and  31'  approxi- 
mately. 

Determination  of  Befraction.— If  we  know  the  law  aocoidiiig 
to  tvliicli  rcfrsrtioQ  varies — thatU,  if  we  have  an  accurate  fomuUI 
which  will  give  (  A  v)  ID  terms  of  C,  we  can  determine  the  ahsolOte 
refraction  for  anj  one  point,  aad  from  the  luw  deduce  it  (or  aaj 
other  points.  Thus  knowing  the  horizontal  refraction,  or  the  n- 
fraction  in  the  liorixoa,  we  can  determine  the  refraction  at  othv 
knoWD  zenith  distances. 

We  know  the  tirae  ot  (theoretical  or  true)  suoriw  and  Buniet  bj 
the  formula  of  %  T,  p.  44.  and  we  ma;  observe  the  time  of  appai«nl 
rifling  and  Bcttinff  of  the  sun  (or  n  star).  The  differenco  of  the* 
tames  gives  a  means  of  determining  the  pffcrt  ot  refraction. 

Or,  in  Iho  obHervations  for  latitude  by  the  method  of  %  8.  p.  47,  w* 
can  measure  the  apparent  polar  distances  of  a  circumpolar  star  at 
it«  upper  and  lower  culminatioD.  Its  polar  distances  above  and 
below  pole  should  be  e<^ual ;  if  there  were  no  refraction  they  wonU 
be  so,  but  they  real);  differ  by  a  quantity  which  it  is  easy  io  see  is 
the  difference  of  the  refractions  at  lower  and  upper  culminatioos. 
By  choosing  suitnble  circumpolar  stars  at  vuriou?  polar  distances, 
thia  dilfercnre  inuy  lie  determined  for  all  polar  distances,  and  there- 


g  2.    ABBBBATION  AND  THE  MOTION  OP  LIO] 

Besides  refraction,  there  is  anotlier  cause  which  prcvenl 
our  seeing  the  celestial  bodies  exactly  In  the  tmo  direction 
in  which  they  lie  from  na — namely,  the  progressive  mo- 
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tion  of  liglit.  We  now  know  that  we  see  objects  only- 
Vjr  the  light  which  emanates  from  them  and  reaches  our 
eyes,  and  we  also  know  that  this  light  requires  time  to 
pasa  over  the  space  which  Beparatee  as  from  the  object. 
After  the  ray  of  light  once  leaves  the  object,  tlie  latter 
may  move  away,  or  even  be  blotted  ont  of  existence,  but 
ihe  ray  of  light  will  continne  on  its  course,  Consefjuent- 
ly  when  we  look  at  a  fitar,  we  do  not  see  the  star  tliat  now 
fe,  but  the  star  that  was  several  years  ago.  If  it  should  be 
annihilated,  we  should  still  see  it  during  the  years  which 
would  be  required  for  the  last  ray  of  light  emitted  by  it  to 
reach  us.  The  velocity  of  light  is  so  great  that  in  all  oh- 
Bervations  of  terrestrial  objects,  our  vision  may  be  regarded 
u  instantaneous.  But  in  celestial  observations  the  time 
Veqoired  for  the  light  to  reach  us  is  quite  appreciable  and 
measurable. 

The  discovery  of  the  propagatioii  of  light  is  among  the 
moet  remarkable  of  those  made  by  modem  science.     TliQ 
&ct  that  light  re<iuires  time  to  travel  was  liret  learned  by 
ttie  observations  of  the  satellites  of  Jupiter.     Owing  to 
the  great  magnitude  of  this  planet,  it  casts  a  much  longer 
■nd  larger  shadow  than  our .  earth  does,  and  its   inner  sat- 
ellite ia  therefore  eclipsed  at  every  revolution.      These 
Kdipses  can  be  observed  from  the  earth,  the  satellite  van- 
shihig  from  view  as  it  enters  the  shadow,  and  suddenly 
reappearing  when  it  leaves  it  again.     The  accuracy  with 
which  the  times  of  this  disappearance  and  reappearance 
eonld  be  observed,  and  the  consequent  value  of  snch  ob- 
lervations  for  the  determination  of  longitudes,   led  the 
tttronomers  of  the  seventeenth  century  to  make  a  careful 
ttttdy  of  the  motions  of  those  bodies.     It  was,  however, 
necessary  to  make  tables  by  which  the  times  of  the  eclipses 
ccmld  be  predicted.     It  was  found  by  Roemee  that  these 
times  depended  on  the  distance  of  Jupiti^r  from  the  earth. 
If  he  made  Ins  tables  agree  with  ol«ervationa  when  the 
*rth  was  nearest  t/vpiUr,  it  wm  found  that  as  the  earth 
fweded  from  Jupiter  in  its  annual  coarse  around,  tiie  wm^j 
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the  ccUpaes  were  constantl^r  seen  later,  until,  when  at  itt 
greatest  distaDce.  the  times  appeKred  to  be  2:j  tnitiut(«  Ute- 
RoEMEK  saw  that  it  wii£  in  tlie  highest  degree  improbable 
that  the  actual  motioue  of  the  »atellites  should  be  affected 
with  any  ench  inequality  ;  he  therefore  proijounded  the 
bold  theory  that  it  took  ttTiuf  for  light  to  come  from  ./»• 
jnt«r  to  the  earth.  The  extreme  differences  in  tlie  time* 
of  the  eclipse  being  23  minutes,  he  assigned  this  as  the  time 
required  for  light  to  eroea  the  orbit  of  tlie  earth,  and  so 
concluded  that  it  caine  from  the  snn  to  the  earth  in  11 
minntos.  We  now  know  that  this  eetimatu  waa  too  great, 
and  that  the  true  time  for  tliis  passage  is  about  S  ininnttM 
and  IS  seconds. 

Discovery  of  Aberration. — At  first  this  theory  of  Roe- 
MKK  WHS  not  fully  accepted  by  his  cou temporaries.  But 
in  the  year  1729  the  celebrated  Bkadlev,  afterward  Aa- 
trononier  Royal  of  England,  discovered  a  phenomenon  of 
an  entirely  different  character,  which  confirmed  the  theorj. 
He  was  then  engaged  in  making  observations  on  the  star 
y  JJrar.onis  in  order  to  determine  its  parallax.  The  eflect 
of  parallax  would  have  been  to  make  the  declination 
greatest  in  June  and  least  in.  December,  while  in  Mareli 
and  September  the  star  would  occupy  an  intennediafe  or 
meuu  position.  But  the  result  was  entirely  different 
The  decbiiations  of  June  and  December  were  the  aame, 
showing  no  effect  of  parallax  ;  but  instead  of  remaining 
uonstaut  the  rest  of  the  year,  the  declination  was  some  W 
seconds  greater  in  September  than  in  March,  when  the 
effect  of  parallax  would  be  the  same.  This  showed  thai 
the  direction  of  the  star  appeared  different,  not  according 
to  the  position  of  the  earth,  but  according  to  the  direction 
of  its  motion  around  the  sun,  the  star  being  apparentlj 
displaced  in  this  direction. 

It  has  been  said  that  the  explanation  of  this  singular 
anomaly  wae  first  suggested  to  Buauley  while  sailing  on 
the  Thames,  He  noticed  that  when  his  Iwiat  moved  mpiJ- 
ly  at  right  angles  to  the  true  direction   of  the  wind,  tbs 
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ypareut  direction  of  the  wind  cIiiinge<J  toward  the  point 
'hither  the  boat  wu£  going.  When  the  boat  eailecl  in  an 
)p])Osite  direction,  the  apparent  direction  of  the  wind  fiud- 
"  inly  changed  in  a  corrisponding  way.  Here  was  a  phe- 
vcry  analogous  to  that  which  he  had  observed  in 
stars,  the  direction  from  which  the  wind  appeared  to 
corresponding  to  the  direction  in  which  tho  light 
icsdied  the  eye,  Thia  direction  changed  with  the  mo- 
loo  of  the  obeener  according  to  the  same  law  in  the  two 
tas».  He  now  eaw  tliat  the  apparent  displacement  of  the 
tbir  WHfi  due  to  the  motion  of  the  rays  of  light  combined 
Iritli  that  of  tlie  earth  in  \tA  orbit,  the  apparent  directiou 
tlie  star  depending,  not  upon  the  absolute  direction 
Erom  which  the  ray  conies,  but  upon  tlie  ■'elation  o[  this 
iirectioD  to  the  motion  of  the  observer. 
To  show  how  this  is,  let  A  B  be  the  optical  axis  of  a 
ilescope,  and  S  a  Htar  from  whicli  emanates  a  ray  mov- 
ing in  the  true  direction  S  A  B' . 
Perhaps  the  rea<ler  will  Iiave  a  clearer  I 
BCMiceptioii  of  the  siibjei:t  if  he  iiiiiig- 
tnefi  A  B  Xo  Ix;  a  rod  which  an  oh- 

■er  at  B  seeks  to  point  uC  the  star  I 
&     It  i&  evident  thut  he  will  point  I 
rod  in  sueii  u  way  that  the  ray  I 
of  light  ehall  run  accnratcly  along  ' 
length.      SupiK)ee  now  that  tlie  < 

jrver  is  moving  from  B  toward  B' 
trith  such  a  velocity  tliat  he  tno 
from  B  to  W  during  the  time  re-  ~ 
goircd  for  a  luy  of  light  Co  move  froR) 
A.  to  B'.  Suppose  also  that  the  ray  of  hght  S  A  reaches 
A  at  the  same  time  that  the  end  nf  hin  rod  does.  Then 
'it  is  clear  that  while  the  roil  is  moving  from  the  pnsitio 
A  B  to  the  posirimi  A '  B\  the  my  of  light  will  move  from 
A  to  B',  and  will  therefore  run  accui-ately  along  the  length 
of  the  rod.  For  instance,  if  h  is  one  thirt]  nf  the  way 
iroin  B  to  B',  then  the  light,  at  the  instant  of  tin-  Kidt&W.  I 
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ing  the  jxieition  h  u.  will  be  one  tliird  of  the  way  from  _ 
to  B',  unci  will  tlierefore  Iw  accurately  on  die  rod.  CnB-' 
eequeiitly.  to  the  oljeerver,  the  rod  will  appear  to  bcpoiM- 
ed  at  the  &titr.  In  runlity,  liowerer.  the  pointing  will  not 
he  in  thu  truu  direction  of  the  star,  but  will  deriaie  from 
it  by  un  angle  of  which  the  tiingent  is  the  ratio  of  dw 
velocity  with  which  thu  observer  is  earriud  along  to  tbe 
velix'ity  of  light.  Thia  preenppoaes  that  tlic  motion  of  the 
observer  Is  nt  right  lUigluH  to  that  of  a  ray  of  light.  If 
this  ia  not  hia  direction,  we  must  resolve  his  velocity  into 
two  couiponeuts,  one  at  right  angles  to  the  ray  and  one 
]NkraIIel  to  it-  The  latter  will  not  atfeet  the  apparent  di- 
rvction  of  the  star,  whieh  will  therefore  depend  cntirelT 
uiion  the  former. 

Efibcta  of  Aberration. — The  apparent  displacement  of 
the  heiivciily  bodies  thns  produced  is  called  the  aherraiiaa 
vfli^ht.  Its  effect  is  to  <au6e  each  of  the  fixed  stars  to 
aecril^  an  apparent  aimual  oscillation  in  a  very  small  or- 
bit. The  nature  of  the  displacement  may  be  conceived 
of  in  the  following  way  :  Suppose  the  earth  at  any  moment, 
in  tlie  course  of  its  annual  revolution,  to  be  moving  to- 
ward a  i>uint  of  the  celestial  sphere,  which  we  may  call  P- 
Then  a  star  l^nng  in  the  direction  P  or  in  the  opposite  di- 
rection will  suffer  no  displacement  whatever.  A  star  ly- 
ing in  any  other  direction  will  be  displaced  inthediree- 
tion  of  the  point  P  by  an  angle  proportional  to  the  ane  irf 
Its  angular  distance  from  P.  At  90"  from  /'  the  di*- 
placement  will  be  a  maximum,  and  its  angular  amount 
will  he  such  that  its  tangent  will  be  equal  to  the  ratio  of 
the  velocity  of  the  earth  to  that  of  light.  If  yl  be  the 
"aberration"  of  the  star,  wid /* .Sits  angular  distance 
from  the  ixtint  P,  we  shall  have, 


tan  A 


u  being  the  respecti' 
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Now,  if  thp  sUr  lies  near  the  pole  of  tlie  ecliptic,  ite  di- 
rection will  always  Ije  nearly  at  right  angles  to  the  direc- 
n  which  the  earth  is  moving.  A  little  consideration 
rill  show  that  it  will  seem  to  describe  a  circle  in  eonse- 
IQence  of  aberration.  If,  however,  it  lies  in  the  plane  of 
ttie  earth's  orbit,  then  the  varions  points  toward  which 
"  e  earth  moves  in  the  course  of  the  year  all  lying  in  the 
ecliptic,  and  the  star  being  in  this  same  plane,  the  appar- 
ent motion  nnll  be  an  oscillation  back  and  forth  in  this 
plane,  and  in  all  other  positions  the  apparent  motion  will 
be  in  an  ellipse  more  and  more  flattened  aa  we  approach 
the  ecliptic. 

Velocity  of  Ijight. — The  amonnt  of  aberration  can  bo 
determined  in  two  ways.  If  we  know  the  time  which 
light  reqnircs  to  come  from  the  snn  to  the  earth,  a  simple 
olenlation  will  enable  ns  to  determine  the  ratio  between 
fiiifl  velocity  and  that  of  the  earth  in  its  orbit.  For  in- 
■tance,  snpposc  the  time  to  Ite  498  seconds ;  then  light 
will  cross  the  orbit  of  tlie  earth  in  OOfi  seconds.  The  cir- 
cumference of  the  earth  being  found  by  multiplying  its 
diameter  by  3-1416,  we  thne  find  that,  on  the  supposition 
9  have  made,  light  would  move  aronnd  the  circumfer- 
ice  of  the  earth's  orbit  in  52  minntes  and  S  seconds. 
Bat  the  earth  makes  this  same  circuit  in  365^  days,  and 
i  ratio  of  these  two  quantities  is  10090.  The  maximnm 
displacement  of  the  star  by  aberration  will  therefore  be  the 
Migle  of  which  the  tangent  is  Y^^fjs,  and  this  angle  we 
find  by  trigonometrical  calculation  to  be  ^0''-44. 

Tliis  calculation  presupposes  that  we  know  how  long 
li^t  requires  to  come  from  the  sun.  This  is  not  known 
with  great  accuracy  owing  to  the  nnaroidablo  errors  with 
wliich  the  observations  of  JupiU'r''8  Hatelliles  are  affected. 
"  18  therefore  more  usual  to  reverse  the  process  and  de- 
twmine  the  displacement  of  the  stars  by  direct  observa- 
tion, and  then,  by  a  calculation  the  revcrHo  of  that  we 
"'ejnst  made,  to  determine  the  time  required  by  light 
^  reach  us  from  the  sun.     Many  jminstakiug  dctcrravoa.- 
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liuns  <if  this  quantity  liftve  been  made  81  nee  the  timed 
Bradlry,  and  ns  the  result  of  theui  we  may  Bay  ihat  the  ' 
value  of  llie  "  ronst^mt  of  aberraiitm,^"  ae  it  is  called.  » 
certainly  betwevii  20'  ■  4  and  21 1*  -  5  ;  the  chances  are  thai  it 
doea  not  deviate  from  20',  44  by  more  than  two  or  thrw 
hnndredtha  of  a  second. 

It  will  be  noticed  that  by  dotennining  the  constant  of 
abemtioD,  or  by  obRerving  the  eclipses  of  the  Ratellites  of 
Jupiter,  we  may  infer  the  time  reqnired  for  light  to  pia 
from  the  Biin  to  the  earth.  Ent  we  cannot  thus  determine  i 
the  velocity  of  light  nnless  we  know  bow  far  the  snn  is.  . 
The  connection  between  this  velocity  and  the  distance  of 
the  snn  is  ench  that  knowing  one  we  can  infer  the  <ither. 
Let  UB  asstimc,  for  instance,  that  the  time  rc(]uired  for 
light  to  reach  m  from  the  eiin  is  498  seconds,  a  lime  which 
is  probably  accurate  within  a  single  second.  Then  know- 
ing the  diBtancB  of  the  snn,  we  may  obtain  the  velocity  of 
light  by  dividing  it  by  498.  Ent,  on  the  other  hand,  if  we 
can  determine  how  many  miles  ligiit  niovcis  in  a  second,  wo 
can  thence  infer  the  distance  of  the  snn  hy  nmlti plying  it  , 
by  the  same  factor.  During  tlie  last  century  the  distance 
of  the  sun  was  found  to  be  certainly  lietween  90  and  IM 
millions  of  miles.  It  was  therefore  correctly  oonclnded 
that  the  velocity  of  light  was  something  less  than  giW.OK) 
miles  per  second,  and  probably  between  180,0(¥l  and 
2f>0,000.  This  velocity  has  since  been  determined  more 
exactly  by  the  direct  measurements  at  the  surface  of  Uie 
earth  already  mentioned. 


CHAPTER  Xr. 

CHRONOLOGY. 

g  1.    ASTBONOHICAI.  HEASUBES  OF  TIME. 

The  iijiwt  intimiite  relation  of  astronomy  to  the  daily 
life  of  iiiaiikiud  lias  iilways  arisi?ii  from  its  affordiug  the 
tmiy  relialile  aiid  accnmte  measure  of  long  intervals  of  time, 
Tlie  fundamental  units  of  time  in  all  ageB  have  been  the 
day,  the  month,  and  the  year,  the  iiret  being  measured  by 
(he  revolution  of  the  earth  on  its  axis,  the  scfond,  prim- 
itively, by  that  of  the  moon  around  the  earth,  and  the  third 
by  that,  of  tlie  eartli  round  tlie  sun.  Ilail  tlie  natural  month 
consisted  of  un  exact  entire  number  of  days,  and  the  ytar 
of  an  exact  entire  immber  of  montliB,  there  would  liave 
foeeii  no  history  of  the  calendar  to  write.  There  being  no 
nicfa  exact  relations,  innumerable  devices  have  been  tried 
for  smoothing  off  the  difficulties  thns  arising,  the  mere 
description  of  wliicli  would  fill  a  volume.  We  ehal!  en- 
deavor to  give  tlie  reader  an  idea  of  the  general  pharacter 
of  these  devices,  including  those  from  which  (tur  own  cal- 
endar originated,  without  wearying  him  by  the  iutroduc- 
tion  of  tedious  details. 

i)i  the  three  uniu  of  time  just  mentioned,  the  most  nat- 
ural and  strikingis  the  shortest— namely,  the  day.  Mark- 
ing as  it  does  the  regular  alternations  of  wakefulness  and 
rest  for  both  man  and  animals,  no  astronomical  observa- 
tions were  necessary  to  its  recognition.  It  is  so  nearly 
unifonn  in  length  that  the  most  refined  astronomical  obser- 
vations of  modern  times  have  never  certainly  \u^«:;«X^ 
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aiij  i-Lange,  This  uniformity,  aiid  itt  entire  freedom  frora 
all  ambiguity  of  meaning,  lia\'e  always  made  the  day  t, 
cotnmoii  fimdaiQoutal  unit  of  astronomera.  Except  for 
the  inconvenience  of  keeping  connt  of  the  great  nnmbet 
of  days  between  remote  epochs,  no  greater  unit  would 
erer  hare  been  necessary',  and  we  might  all  date  our  let- 
ters by  the  number  of  days  after  CuHier,  or  after  a  snp- 
jKMed  epoch  of  creation. 

The  difficulty  of  remembering  great  numbers  is  nich 
that  a  longer  unit  is  absolutely  necessary,  even  in  keeping 
the  reckoning  of  time  for  a  single  generation.  Sach  a 
unit  is  the  year.  The  regular  changes  of  seasons  in  all  ex- 
tra-tropical latitudes  renders  this  unit  second  only  to  the 
day  in  the  prominence  with  which  it  must  have  struck  llie 
ininds  of  primitive  man.  These  changes  are,  however,  so 
slow  and  ill-m&rked  in  their  progress,  that  it  would  have 
been  scareely  post^iblo  to  make  an  accurate  detennination 
of  the  length  of  the  year  fmm  the  observation  of  the  sea- 
sons. Here  astronomical  obser^'ations  came  to  the  aid  of 
our  progenitors,  and,  before  the  beginning  of  extant  Li>^ 
tory,  it  was  known  that  the  alternation  of  seasons  was  dne 
to  the  varying  declination  of  the  sun,  as  the  latter  eeemeil 
to  perform  its  annual  course  among  the  stars  in  the 
"  oblique  circle"  or  ecliptic.  The  common  people,  who  did 
not  understand  the  theory  of  the  sun's  motion,  knew  that 
certain  seasons  were  marked  by  the  piisition  of  certain 
bright  stars  relatively  to  the  sun — that  is,  by  thoee  i^rs 
rising  or  setting  in  tlie  morning  or  evening  twilighl- 
Thus  arose  two  methods  of  measuring  the  length  of  the 
year — the  one  by  the  time  when  the  sun  crossed  the  equi- 
noxee  or  solstices,  the  other  when  it  seemed  to  pass  a  cer- 
tain point  among  the  stars.  As  we  have  already  explain- 
ed, these  years  were  slightly  different,  owing  to  the  pre- 
cession of  the  equinoxes,  the  first  or  equinoctial  year  being 
a  little  less  and  the  second  or  sidereal  year  a  little  greater 
than  3fi5i  dai-s. 

The  number  of  days  in  a>year  is  loo  great  to  admit  of 
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Uieir  being  easily  remembered  without  any  break  ;  an  lu- 
termediate  period  is  therefore  neceseary.  Such  a  period 
fe  meaaured  by  the  revolntion  of  the  moon  around  the 
•wth,  or,  more  exactly,  by  the  recurrence  of  new  moon, 
which  takes  place,  on  tJie  average,  at  the  end  of  nearly 
294  days.  The  nearest  round  number  to  tliis  is  30  days, 
uid  12  periods  of  3U  days  each  only  liifk  5^  days  of  being 
ft  year.     It  has  therefore  been  common  to  consider  a  year 

made  up  of  13  months,  the  lack  of  exact  correspondence 
being  tilled  by  various  alterations  of  the  length  of  the 
month  or  of  the  year,  or  by  adding  snrpUia  days  to  ea«h 
year. 

The  tnie  lengths  of  the  day,  the  month,  and  the  year 
Iwving  no  common  divisor,  a  difficulty  arises  in  attempting 
to  make  months  or  days  into  years,  or  days  into  mouths, 
owing  to  tlie  fractions  wliich  will  always  Ihj  left  over.  At 
the  same  time,  some  rule  bearing  on  Uie  subject  is  necessary 
in  order  that  people  may  be  able  to  remember  the  year, 
month,  and  day.  Such  rnlea  are  found  by  choosing  soma 
eyde  or  period  whiiJi  is  very  nearly  an  exact  numljer  of 
two  units,  of  months  and  of  days  for  example,  and  by  di- 
viding this  cycle  up  as  evenly  as  possible.  The  principle 
vhich  this  is  done  can  be  seen  at  once  by  an  example, 
for  which  we  shall  choose  the  lunar  month.  The  true 
length  of  this  month  is  29-5305S84  days.  We  see  that 
two  of  these  months  is  only  a  little  over  o9  days  ;  so,  if 
we  take  a  cycle  of  59  days,  and  divide  it  into  two  montlie, 
the  one  of  30  and  the  other  of  29  days,  we  shall  have  a 
first  approximation  to  a  true  average  month.  But  onr 
cycle  will  be  too  short  by  0''  ■  061 ,  the  excess  of  two  months 
over  69  days,  and  tliis  error  will  be  added  at  the  end  of 
every  cycle,  and  thus  go  on  increasing  as  long  as  the  cycle 
Ib  need  witbont  change.  At  the  end  of  Ifi  cyclw,  or  of 
S3  Innar  months,  the  accumulated  error  will  amount  to 
one  day.  At  the  end  of  this  time,  if  not  sooner,  we 
should  have  to  add  a  day  to  one  of  the  months. 

Seeing  that  we  shall  nltimately  be  wrong  if  we  tu.v«  i. 
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two-inoutii  eyclc,  we  seek  for  a  more  exact  one.  IJinli 
month  of  30  days  Uneiirly  (''•47  too  long,  and  each  inoblli 
of  29  days  is  ratliur  iiioru  than  0''  ■  S3  too  short.  So  in  the 
long  mn  the  months  of  30  days  ought  to  be  more  nitnier- 
0118  than  those  of  ii9  days  in  the  ratio  that  53  bean  W 
47,  or,  more  exactly,  in  the  ratio  that  -53058S4  beare  to 
■  46fl411fi.  A  eliise  upproxiinatiun  will  be  had  by  havinf* 
tlie  long  months  one  eighth  more  imineront!  tlian  the  short 
ones,  the  numbero  in  que&tion  t>eiiig  nearly  in  the  ratio  of 
1> :  S.  Si>,  if  wo  take  a  cycle  of  17  mouths,  9  long  and  S 
aliort  ones,  we  find  that  9  x  30  +  8  x  29  =  502  days  for 
the  afisamed  length  of  our  eycle,  whoreaa  the  true  length 
of  17  montliB  ie  very  near  502^-0200.  The  error  will 
therefore  be  -02  of  a  day  for  every  cycJe,  and  will  not 
Amount  to  a  day  till  the  end  of  50  cyelos,  or  nearly  70 
years. 

A  still  noarer  approach  will  bo  found  by  taking  a  cytit 
of  4'J  months,  26  to  be  long  and  23  sliort  ones.  Them 
49  months  will  be  composed  of  26  v  30 +  23  >i  39  = 
1447  days,  whereas  49  tnic  lunar  months  will  comprise 
144fl-99S832daj-8.  Each  cycle  will  therefore  be  too  long 
by  only  -OOlltiSof  a  day,  and  the  error  would  not  amoont 
to  a  day  till  the  end  of  84  cycles,  or  more  than  30(K'  yean. 

Although  these  cycles  are  so  near  the  truth,  they  could 
not  be  used  with  convenience  because  they  would  begin 
at  different  times  of  the  year.  The  problem  ia  therefore 
to  find  a  cycle  which  shall  comprise  an  entire  number  of 
years.  We  shall  see  hereafter  what  solutions  of  this 
problem  were  actually  found. 

g  2.    POHMATIOTT  OF  OAIEHDAES. 

The  months  now  or  heretofore  in  use  among  the  peon 
of  the  globe  may  for  the  most  part  be  divided  into  t! 
classes: 

(1.)  The  lunar  month  pure  and  simple,  or  the  i 
interval  between  succeeeive  new  moons. 
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(2.)  An  approximation  to  the  twelftli  part  of  a  year, 
ithout  respect  to  the  motion  of  the  moon. 
The  Lunar  Month. — Tlie  mean  interval  between  con-  I 
lecntive  nuw  moons  being  nearly  29i  days,  it  was  common 
in  the  use  of  the  pure  Innar  montli  to  have  months  of  29  and 
RO  days  altematDly.  This  euppi«ed  period,  liowever,  as  just 
riiown,  will  fall  short  by  a  day  iii  about  2J  yt;ars.  This  de- 
fect was  remedied  by  introducing  cycles  containing  rathei 
more  months  of  30  than  of  29  days,  the  small  exi^ese  of 
long  montlis  being  spread  uniformly  through  the  cycle. 
IFhiiB  the  Greeks  had  a  cycle  of  235  months  (to  be  soon 
ieflcribed  more  fully),  of  wliich  125  \rere  full  or  long 
months,  and  110  were  short  or  deticient  ones.  We  see 
fiiat  the  length  of  this  cycle  was  6940  days  ('125>:R0  + 
110  y  29),  whereas  the  length  of  235  true  lunar  months 
[b235x29.53(I»8^  6939 -fiSS  days.     The  cycle  was  the 

too  long  by  less  than  one  third  of  a  day,  and  the  error 
of  count  would  amount  to  only  one  day  in  more  than  70 
rears.  The  Mohammedans,  again,  took  a  cycle  of  3fi0 
months,  which  they  divided  into  169  short  and  191  long 
Hies.  Tlie  length  of  this  cycle  was  10631  days,  while  the 
bTie  length  of  360  lunarmonths  is  10631  ■012  days.  The 
Sonnt  would  therefore  not  he  a  day  in  error  until  the  end  of 
kbout  80  cycles,  or  nearly  23  centuries.  This  month  the 
[ore  follows  the  inoun  closely  enough  for  all  pi*actical  pnr- 
{Kjses, 

HoDthH  other  than  Lunar. — The  complications  of  the 
system  jnst  described,  and  the  consequent  difficulty  of 
making  the  calendar  month  represent  the  course  of  the 
moon,  are  so  great  that  the  pnre  lunar  month  was  gen- 
erally abajidoned,  except  among  people  whose  religion  re- 
paired important  ceremonies  at  the  time  of  new  moon. 
In  cases  of  snch  abandonment,  the  year  has  been  n&ually 
liivided  into  12  months  of  sUghtly  different  lengths.  The 
»'icient  Egyptians,  however,  had  13  months  of  30  days 
iiwli,  to  wliich  they  added  5  supplementary  days  at  the  i 
clow  of  each  vear. 
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Kinds  of  Tear. — As  wc  find  two  different  srsteiu*  .if 
months  to  bare  been  used,  %o  we  may  divide  tbe  calcmJu 
years  into  lliree  classeE^ — namely  : 

^1.)  The  lunar  year,  of  12  liinar  monthg. 

(2. 1  The  sular  yuar, 

(3.)  The  coaibiiied  limi-solar  year. 

The  Iiunar  Tear. — Wc  have  already  called  attention  to 
the  faet  that  tbe  time  of  recurrent*  of  the  year  is  not  well 
marked  except  hy  astronomical  plienoniena  wliich  t]« 
easual  olteerver  wuiiid  hardly  remark.  But  the  time  d 
new  niooD,  or  of  beginning  of  the  montli,  is  always  well 
marked.  Consequently,  it  was  very  natural  for  people  » 
Ijegin  by  considering  the  year  as  made  np  of  twelve  Ium- 
tions,  tbe  error  of  eleven  days  being  unnoiiceable  iu  a 
Bingle  year,  unless  careful  astronomical  observations  were 
made.  Evenwhen  this  error  was  fully  recognized,  itmi^t 
Iw  considered  better  to  use  tbe  regular  year  of  12  Innar 
months  than  to  use  one  of  an  irregular  or  varying  number 
of  months.  Sach  a  year  is  tlie  religious  one  of  the  Mn- 
hammedans  to  this  day.  The  excess  of  11  days  will 
amount  to  a  wliole  year  in  33  ycara,  32  solar  years  being 
nearly  equal  to  33  limar  years.  In  this  period  therefore 
each  season  will  have  conraed  through  all  times  of  the 
year.  Tbe  lunar  year  lias  therefore  boon  called  Uia 
"  wandering  year." 

The  Solar  Tear.^ — In  fonning  Uiis  year,  the  attempt  » 
nieaanre  the  year  by  revolutions  of  the  moon  is  entirely 
abimdoncd,  and  its  length  is  made  to  depend  entirely  on 
the  change  of  the  seasons.  The  solar  year  thns  indicnted 
is  that  most  used  in  both  ancient  and  modern  times,  l8 
length  has  been  known  to  be  nearly  3(15i  days  from  the 
times  of  the  earliest  astronomers,  and  tbe  system  adopt*"' 
in  our  calendar  of  having  tliree  years  of  365  days  each,  fu'^ 
lowed  by  one  of  366  days,  has  been  employed  in  Chii"* 
from  the  remotest  historic  times.  This  year  of  365J^  '  "" 
is  now  called  by  ns  the  Julian  Tear,  after  JcLn^s  C. 
from  whom  we  obtained  it. 
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The  Iiuni-Solar  Year. — If  the  luiiur  months  must,  iu 
konic  wa^',  lie  made  up  into  solar  years  of  the  proper  av. 
(rage  length,  then  these  _vear8  must  be  of  iine<iiial  length, 
H>nie  Imvitig  twelve  mouths  and  others  thirteen.  Thus,  a 
l^od  or  cycle  of  eight  years  might  be  made  up  of  99 
nnar  months,  5  of  the  years  having  \i  months  each,  and 
\  of  them  13  months  each.  Such  a  period  would  j-omprifio 
19234  days,  bo  that  the  average  length  of  the  yeai"  woald 
e  365  days  ll>4  hours.  This  is  too  great  byalwnt  ihours 
8  minutes.  This  very  plan  was  proposed  in  ancient 
hvece,  hut  it  was  superseded  hy  the  discovery  of  the 
Metontc  Cijde,  which  figiires  iu  our  church  calendar  to 
his  day.  A  luni-solar  year  of  this  general  eluiracter  was 
also  used  hy  the  Jews. 

\  The  Uetonic  Cycle. — Thepreliniiiiavy  considerationswe 
pMve  set  forth  will  now  enable  us  to  understand  the  origin 
pf  our  own  calendar.  We  begin  with  the  Metonic  Cycle 
pf  ttie  ancient  Greeks,  which  still  regulates  souie  roligiouB 
Ipstivals,  although  it  has  disappeared  from  our  civil  reck- 
jning  of  time.  The  necessity  of  employing  lunar  months 
Mused  the  Greeks  great  difficulty  in  regulating  their  cal- 
jDdv  BO  as  to  accord  with  their  rules  for  religious  feasts, 
intn  a  solution  of  the  jiroblera  was  found  by  MsrroN,  about 
i.e.  The  gi-eat  discovery  of  Meton  was  that  a  period 
or  cycle  of  tilt40  days  could  lie  divided  up  into  235  lunar 
noiithB,  and  also  into  ID  solar  years.  Of  these  montlis, 
125  were  to  be  of  30  days  eaeli,  and  110  of  29  days  each, 
i»luch  would,  in  all,  make  up  tlie  required  0940  days.  To 
Me  how  nearly  this  rule  represents  the  actual  motions  of 
Uie  aim  and  moon,  we  remark  that ; 

D»jr..  ni,llr»,         MIn. 

235  lunations  require  6939         Ki        31 

19  Julian  years    "  6939         18  0 

19  true  solar  years  require     0939         14         27 

"e  Bee  that  though  the  cycle  of  6940  days  Is  a  few  hours 
"floiig,  yet,  if  we  take  235  true  lunar  monl'Via,  vie  &A 
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Hair  wliok-  ilunitiuu  tu  be  a  IHtlu  \vfA  Uiau  19 .1  uliuii }  lan  iJ 
S65}  days  each,  atul  a  little  more  tlian  19  truv  eolar  )*<.««. 

The  [irublem  iiow  waa  to  take  thcec  235  months  and  divide 
tlietii  up  into  19  ycare,  i>f  wliicli  12  should  have  15  monthi 
each,  and  Tahouldliave  13  inontlis  each.  Tlif  long  _vi«»i 
tw  those  of  13  months,  were  ppobahly  tlioec  correfiponding 
to  tliu  iiniiil>cK  3.  5,  8,  11,  \Z,  IR,  and  19.  vrliite  the  fint, 
■ucoud.  fourtli.  bixlh,  cti.'.,  wrn;  short  jeara.  la  geneni, 
the  niuQtlis  had  2'J  and  30  daj's  alttimutvl}',  hut  it  wis 
nettssary  to  sulwtiliite  a  loiu^  montli  for  a  sliort  one  ereir 
two  or  threo  J'l-ani,  so  that  in  the  t-ycle  iheru  eliouldl* 
125  King  and  110  fihurt  tnonthx. 

Oolden  ITumber. — Tliis  is  sunply  the  nutnlier  of  tlie 
year  in  the  Mctonic  Cyi^le,  and  is  said  to  owe  its  appelU- 
tion  to  the  cntliuaiasni  of  the  Greeks  over  Metos's  dis- 
covery, the  authorities  having  ordered  the  divieiun  anil 
nuiiihering  of  the  years  in  the  new  calendar  to  he  in- 
ficrilwd  on  public  monnraentsin  letters  of  gold.  The  role 
for  tinding  tlie  golden  nuinhcr  is  to  divide  the  number  u( 
the  year  hy  1ft,  and  add  1  to  the  remainder.  From  I'^i 
to  1899  it  may  be  found  hy  rimply  subtracting  18Si)  fruiii, 
the  year.  It  is  employed  in  our  church  calendar  for  nnJ- 
ing  the  time  of  Ea«ter  Sunday. 

Period  of  Callypua.^We  have  seen  that  the  cycle  of 
094U  days  is  u  few  liours  too  long  either  for  235  Inn" 
montlis  or  for  lit  solar  years,  Callvpls  therefore  sougbl 
to  improve  it  by  taking  one  day  off  of  every  fourtli  cvek 
80  tliat  the  four  cycles  should  have  2T759  days,  wliifJ' 
were  to  he  divided  into  940  months  and  into  I't  jcetfs. 
These  years  would  then  be  JiiHan  years,  while  the  recur- 
rence of  new  moon  would  only  be  six  hours  in  error  at  tl* 
end  of  the  76  years.  Had  he  taken  a  day  from  cverj 
third  cycle,  and  from  some  year  and  month  of  thai  i-vflC' 
he  would  have  been  yet  nearer  thi;  trntli. 

The  Hohammedan  Calendar. — .\  numg  the  nioet  remark' 
able  cak-iidiiiv  wliich  have  remained  in  use  to  the  preoe** 
time  ia  that  of  tht:  Moiianimedana.     The  yesLr  is  compo**^ 
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f  12  luuar  moDtlm,  and  tlierefore,  as  alreadj'  mentioned, 
oea  not  correepond  to  the  ootiree  of  the  aeasonfl.  Ab  with 
iber  sjsteinB,  the  problem  ia  to  find  such  a.  cyfle  that  an 
itire  number  of  tliese  lunar  years  shall  correepond  to  an 
itegral  number  of  days.  Multiplying  the  length  of  the 
mar  month  by  12.  we  find  the  tnie  length  of  the  lunar 
ar  to  be  354 -3670*}  days.  The  fraction  of  a  day  being 
it  far  from  one  third,  a  three-year  cycle,  comprising  two 
are  of  354  and  one  of  355  days,  would  he  a  first  apfirox- 
tation  to  three  lunar  yearn,  but  would  stUl  be  one  tenth 
a  day  too  short.  In  ten  sneh  cycles  or  thirty  years, 
\as  deficiency  would  amount  to  an  entii'e  day,  and  by  udil- 
Ig  the  day  at  the  end  of  each  tenth  three-year  cycle, 
very  near  approach  to  the  true  motion  of  the  raoon 
II  be  obtained.  This  thirty-year  cycle  will  consist  of 
0631  days,  while  the  true  length  of  360  knar  months  is 
0631  -Oil  tS  days.  The  error  will  not  amount  to  a  day  until 
le  end  of  S7  eyclea,  or  2(110  years,  so  that  this  system  ia 
■enrate  enough  for  all  practical  purposes.  The  common 
lohanimedan  year  of  354  days  is  composed  of  months 
pntaining  alternately  30  and  29  days,  the  first  having 
0  and  the  la»t  21).  In  the  years  of  355  days  the  alter- 
ation is  the  same,  except  that  one  day  is  added  to  the  lant 
lontli  of  the  year. 

The  old  custom  was  to  take  for  the  first  day  of  the 
ooDtb  tJiat  following  the  evening  on  which  the  new  moon 
onld  first  be  seen  in  the  west.  It  is  said  that  before  the 
ixact  arrangement  of  the  Mohammedan  calendar  had  been 
Mupleted.  the  rule  was  that  the  visihility  of  the  crescent 
moon  sliould  be  certified  by  the  testimony  of  two  wit- 
is.  The  time  of  new  moon  given  in  our  modern 
■hnanacs  is  that  when  the  moon  passes  nearly  between  ua 
Mil  the  sun,  and  is  therefore  entirely  invisible.    The 

generally  one  or  two  days  old  before  it  can  be  seen  in  the 
•*Wiing,  and,  in  c<mse(iuence,  the  lunar  month  of  the  Mo- 
''ViiinudaiiB  and  of  others  commences  about  two  days  after 
actual  almanac  time  of  new  moon. 
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Tlie  civil  calendar  now  in  use  throii^liont  < 'liristcnilam 
hftd  lis  urigin  among  the  Roiuans,  ami  its  fouiulatiun  wm 
laidby  JrLii-aCjiSAR.  Itefore  his  tiina,  Romccaii  hanilylw 
aaid  to  have  had  a  chronological  eyetem.  The  lenj!;tli  of  the 
y«ar  not  being  pre6crit>ed  bj-  any  invariable  rule,  and  be- 
ing therefore  changed  from  time  to  time  to  suit  the  caprke 
or  to  compass  the  ends  of  the  rulers.  Instances  of  tJiw 
tampering  disposition  are  familiar  to  the  hisiorioal  ^udent. 
It  is  said,  for  instance,  that  the  Gaals  having  to  paj' » 
certain  monthly  tribute  to  the  Romans,  one  of  the  govern- 
ors ordered  the  year  to  be  divided  into  14  months,  in 
order  that  the  pay  days  might  recur  more  rapidly.  To 
remedy  this,  Cj^sar  called  in  the  aid  of  Sosioenes.  anu- 
tronomer  of  tlie  Alexandrian  school,  and  by  them  it  wu 
arranged  tliat  the  year  should  consist  of  365  days,  with  tkv 
addition  of  one  day  to  every  fourth  year.  The  old  Itoniin 
months  were  afterward  adjusted  to  tlie  Julian  year  in 
such  a  way  as  to  give  rise  to  the  somewhat  irregulv 
arrangement  of  months  which  we  now  have. 

Old  and  Nav  Styles. — The  meau  length  of  the  Julian 
year  is  'Sdb^  days,  about  11^  minutes  greater  than  that  ul 
the  tme  equinoctial  year,  which  measures  the  recurrence 
of  the  ecasouB.  Tliis  difference  is  of  little  practical  im- 
portance, as  it  only  amounts  to  a  week  in  a  thousand  yeiR> 
and  a  change  of  this  amount  in  that  period  is  produttivc 
of  no  inconvenience.  But,  desirous  to  have  the  year  « 
correct  as  po6sil}Ie,  two  changes  were  introduced  iutothn 
calendar  by  Pope  Geeooky  XIII.  with  this  object.  Thev 
were  as  follows  : 

1.  The  day  following  October  4,  1683,  was  called  the 
16tli  instead  uf  the  5tli,  thus  advancing  the  count  10  d»y8> 

Si.  The  closing  year  of  each  century,  16tlO,  li'M),  etc.- 
instead  of  being  always  a  leap  year,  as  in  the  Julian 
calendar,  is  such  only  when  the  number  of  the  century  i* 
divisible  by  4.  Thus  while  1600  remained  a  leap  year.  »* 
before,  171)0,  1800,  and  lyoii  were  to  be  common  yeare- 

This  change  in  tlie  calendar  was  speedily  adopttHl  by  **^ 
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P^rantrics,  and  innro  slowly  hj  Protestant  ones, 
Hid  Itoldiiig  out  until  1752.  In  RuEsia  it  liae  never 
fedupted  at  all,  the  Juliun  calendar  being  still  con- 
I  witliont  change.  The  Unssian  reckoning  is  there- 
tS  daja  behind  ours,  the  ten  days  dropped  in  1582 
;  increased  by  the  days  dropped  from  the  years  ITOO 
800  in  the  now  reckoning.  This  modified  calendar 
led  the  Qt'-^orUin  Calendar,  or  New  Style,  while  the 
Mem  is  called  the  Julian  Cnl^nilar,  or  Old  Style. 
!■  to  be  remarked  that  the  practice  of  commencing 
(ur  on  January  1st  was  not  nniverpa!  until  compara- 
'  recent  times.  Dnring  the  first  sixteen  ccntaries  of 
blian  calendar  there  was  sach  an  absence  of  definite 
»n  this  subject,  and  such  a  variety  of  practice  on  the 
((  different  ]towerB.  that  the  simple  enumeration  of 
bies  chosen  by  varions  goveniinents  and  pontiffs  for 
(Dinnieuceinent  of  the  year  would  make  a  tedious 
br.  The  most  common  tijncs  of  commencing  were, 
toe,  March  Ist  and  March  22d,  the  latter  l)cing  the 
df  the  vernal  equinox.  But  January  Ist  gradually 
fits  way,  a)id  became  universal  after  its  adoption  by 
(nd  in  1752. 

Br  Cycle  and  Dominical  Letter. —  In  our  church  cal- 
t  January  Ist  is  marked  by  the  letter  A,  January  ad 
(  and  so  on  to  G,  when  the  seven  letters  begin  over 
(  aad  are  repeated  through  the  year  in  the  same 
;  Eat^li  letter  there  indicates  the  same  day  of  the 
tliroughout  each  separate  year,  A  indicating  the  day 
kich  January  1st  falls,  B  the  day  following,  and  so 
JAn  exception  occurs  in  leap  years,  when  Fcbniary 
laid  March  Ist  are  marked  by  the  same  letter,  so  that 
jlge  oecura  at  the  beginning  of  March.  Tlie  letter 
jponding  to  Sunday  on  this  scheme  is  called  the  Do- 
pil  or  Sunday  letter,  and,  when  wc  once  know  what 
,  all  the  Sundays  of  the  year  arc  indicated  by 
|*ter,  and  hence  all  the  other  days  of  the  week  by 
In  leap  yeare  there  will  be  two  Uo«vw\<;a\ 
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IcttiTS,  llmt  for  the  hist  ten  moiitlts  of  tlic  year  being  i\\t 
oD«  nest  pn.>ccding  llie  letter  for  Junuary  and  Feliruarj. 
In  Die  Julian  calendar  the  Duniinic-al  letter  lunst  »lwitn 
recur  at  the  end  of  2S  yeare  (^besides  three  recurrences  »t 
unequal  intervals  in  the  meau  time).  This  period  is  called 
the  solar  c>/clf,  and  deteruiines  the  dajs  of  the  week  on 
wliieh  tlio  days  of  the  month  f.ill  dnring  eaeli  year. 

Sinc«  any  day  of  the  year  occurs  one  ilay  earlier  in  the 
week  than  it  did  the  year  before,  or  two  days  earlier  when 
a  21)tli  of  February  haa  intervened,  the  Doniinieal  lettcn 
r«-ur  in  the  order  G,  F,  E,  D.  C,  B,  A,  G,  etc,  A 
einiilar  fact  may  be  expressed  by  saying  that  any  day  of 
the  year  occurs  one  day  later  in  the  week  for  every  year 
that  has  elapsed,  and,  in  addition,  one  day  later  for  evcrr 
99th  of  February  that  has  intervened.  This  fact  will  make 
it  easy  to  calculate  the  day  of  the  week  on  which  any  his- 
torical event  happened  from  the  day  corresponding  in  any 
past  or  future  year.     Let  ub  take  the  following  exajnpic : 

On  what  day  of  the  week  was  WAeniKCTOM  horn,  the 
date  heing  1732,  Febraary  22d,  knowing  that  February 
22d,  1879,  fell  on  Saturday.  The  interval  is  U"  j-eare: 
dividing  by  4  we  have  a  quotient  of  36  and  a  remainder 
of  3,  showing  tliat,  had  every  fourth  year  in  the  intervil 
been  ft  leap  year,  there  were  either  36  or  37  leap  ywi*. 
As  a  February  29th  followed  only  a  week  after  the  dale, 
the  nmuber  mnat  be  37  ;*  but  as  ISW  was  dropped  from 
the  list  of  leap  years,  the  nnmher  was  really  only  36. 
Then  147  +  30  =  183  days  advanced  in  the  week.  Di- 
viding by  7,  because  the  same  day  of  the  week  recnre 
after  seven  days,  we  find  a  remainder  of  1.  So  Fehmary 
23d,  1879,  is  one  day  further  advanced  than  was  February 
22d,  1732;  so  the  former  being  Saturday,  Washikctos 
was  born  on  Friday. 

•  Perhaps  the  most  convenient  wb,v  nf  ilccidiDg  trhclhcr  Ihc  nTmnindtr 
docs  or  docs  not  IndlcAlcaQ  niditiooiil  tenp  yuw  is  to  suhimcl  il  froudt 
last  dnte,  and  «ec  wheihw  a  Frlininry  2lllh  ihcn  Inlprvcnes.    8wh»«^ 
lag  3  yt-nrs  fmni  Fohruiuy  22(1,  ISTD.  wi-  Imvfl  FcUrnnrv  3M.  H 
a  ^tli  ix«uis  iK'twL-vu  iliu  two  duicK,  outy  a  w> 
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DIVISION  OF  THE  DA  V 
g  3.    DIVISION  OP  THE  DAT. 

The  division  of  the  day  into  hours  was,  in  ancient  and 
medieval  times,  effected  in  a  way  very  different  from  that 
hich  we  practice.  Artificial  time-keepers  not  being  in 
general  use,  the  two  fundamental  moments  were  sunrise 
and  snnset,  which  marked  the  day  as  distinct  from  the 
night.  Tiie  tiret  eubdivieion  of  this  interval  was  marked 
liy  the  instant  of  noon,  when  the  snn  was  on  the  meridian. 
The  day  was  thus  subdivided  into  two  parts.  The  night 
was  similarly  divided  by  the  times  of  rising  and  culmina- 
tion of  the  various  constellations.  EuniprDEs  (4S0-407 
B.C.)  makes  the  chorus  in  liA^gus  ask  : 

"CHORrs,— Whose  istbegiiard?  Who  takes  my  lurn  7  T/ui  flnt 
tigfu  are  netting,  mid  the  iicren  PMndf  art  in  llif  nky,  and  Ui'  Sagle  glidtt 
wMtoag  through  heatcn.  Awake  !  Why  do  you  delay  ?  Awake  from 
your  beds  to  watch  !  See  ye  onl  the  hrillinncy  of  the  moon  ?  Mom, 
Bom  indeed  Is  npprmicbmg,  tinAhilhcr  uone  of  thr forfi-nnning  fUiTt." 
— ^The  Tragedies  of  Euripides.  Literally  Translated  l>y  T.  A.  Buckley. 
LoBdon  :  H.  <i.  Bohn.  ■  1854.     Vol.  3.  p.  322. 

The  interval  between  sunrise  and  sunset  was  divided  I 
into  twelve  equal  parte  called  hours,  and  as  this  interval  i 
varied  with  the  season,  the  length  of  the  hour  varied  a* 
The  night,  whether  long  or  short,  was  divided  into  hours  I 
of  tlie  same  character,  only,  wlien  the  night  hours  were  ' 
long,  those  of  the  day  were  short,  and  vice  versa.     These 
Variable  hours  were  called  temporari/  hours.     At  the  time 
of  tlie  equinoxes,  both  the  day  and  the  night  houra  were 
of  the  same  length  with  those  we  use — namely,  the  twenty-    ■ 
fourth  part  of  the  day  ;  these  were  therefore  called  e^utr-  m 
wctial  hours.  U 

The  use  of  these  temporary  hours  was  intimately  as-  ' 
sociated  with  the  time  of  beginning  of  the  day.  Instead 
of  commencing  the  civil  day  at  midnight,  as  we'  do,  it  was 
CMtouiary  to  commence  it  at  sunset.  The  Jewish  Sabbath, 
iw  instauco,  commenced  as  soon  as  the  sun  set  on  Friday, 
»nJ  ended  when  it  set  on  Saturday.  This  made  a  mote 
<ii«titictivc  division  of  the  astronomical   day  tV»R  *<^[^h 


I 


whir}]  ve  employ,  and  led  nuturulW  to  cnimdenng  At 
rfay  and  the  iiiffAt  as  two  distinct  pcriodp,  eacii  to  be  di- 
vided into  1*2  lioure. 

&o  loti^  08  tempomr;  boors  were  used,  the  begintuog  of 
the  day  and  tlie  beginning  of  the  night,  or,  as  we  fihoold 
call  it,  fix  o'dix^k  in  the  morning  and  bix  o*cIo4.'k  in  the 
evening,  were  marked  by  the  riBing  and  setting  of  the  snn ; 
hnt  when  ecjuinoctial  houre  were  introduced,  neither  snn- 
rise  nor  enneet  coald  be  taken  to  connt  from,  because  both 
varied  loo  much  in  the  course  of  the  year.  It  thereftHV 
becanio  cuHlomary  to  count  from  noon,  or  the  liiiifi  »t 
which  the  eun  j)ai«ed  the  meridian.  T)ie  old  custom  nf 
dividing  the  day  and  tlie  night  each  into  12  parts  was  con- 
tinued, the  first  12  being  reckoned  from  midnight  lo 
noon,  and  the  second  from  noon  to  midnight.  Tlie  diy 
VDR  mode  to  commence  »t  midnight  rather  than  at  nooo 
for  obvioHB  reafiona  of  convenience,  allhongh  nwrn  was  uf 
conrtte  the  {x)tnt  at  which  the  time  had  to  lie  detenoined. 

Equation  of  Time. — To  any  one  who  studied  the  anwu] 
motion  of  the  6un,  it  must  have  been  quite  evident  that 
the  intervals  Iwtweeu  its  successive  iiassages  over  the 
meridian,  or  between  one  noon  and  the  next,  could  not 
be  the  same  throughout  the  year,  Iiecause  the  apparent 
motion  of  the  Btin  in  right  ascension  is  not  constant.  It 
will  l>e  remembered  that  the  apparent  revolntion  of  the 
Btarry  sphere,  or,  which  is  the  same  thing,  the  dinmil 
revolution  of  the  earth  npon  its  axis,  may  Imj  regarded 
as  absolutely  constant  for  all  practical  piirp<*8es.  This  rev- 
olntion is  measured  around  in  right  ascension  as  explained 
in  the  opening  chapter  of  this  work.  If  the  sun  increased 
its  right  aiM^ension  hy  the  same  nmount  every  day,  it  would 
pass  the  meridian  ;!'"  5fi'  later  every  day,  as  measured  by 
sidereal  time,  and  hence  the  intervab  between  successive 
passages  would  be  equal.  But  the  motion  of  the  sun  in 
right  ascension  is  unequal  from  two  causes  :  (1)  the  un- 
equal motion  of  the  earth  in  its  annual  revolution  around 
it,  arising  from  the  eccentricity  of  the  orbit,  and  (3)  |^ 
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>bliqaity  of  the  ecliptic.  How  the  first  cause  produces  an 
inequality  is  obvious,  and  its  approximate  amount  is  readily 
computed.  We  have  seen  that  the  angular  velocity  of  a 
planet  around  the  sun  is  inversely  as  the  square  of  its  ra- 
dius vector.  Taking  the  distance  of  the  earth  from  the  sun 
IS  unity,  and  putting  e  for  the  eccentricity  of  its  orbit,  its 
greatest  distance  about  the  end  of  June  is  1  +  ^  =  1  •  0108, 
md  its  least  distance,  about  the  end  of  December  is 
1—0-0168.  The  squares  of  these  quantities  are  1  •  034  and 
1 — 034  very  nearly  ;  therefore  the  motion  ih  about  one 
thirtieth  greater  than  the  mean  in  December  and  one 
thirtieth  less  in  June.  The  mean  motion  is  3'"  56^ ;  the 
actual  motion  therefore  varies  from  3'"  48*  to  4'"  4\ 

The  efiFectof  the  obliquity  of  the  ecliptic  is  still  greater. 
Wlien  the  sun  is  near  the  e<ininox,  its  nH>ti(m  along  the 
ecliptic  makes  an  angle  of  23^'^  with  the  purallcLs  of  dec- 
lination. Since  it«  motion  in  right  ascensi(»n  is  rorkoned 
along  the  parallel  of  declination,  we  see  that  it  is  equal  to 
the  motion  in  longitude  multiplied  by  tlie  cosine  of  2o^\ 
Tliis  cosine  is  less  than  unity  by  about  -07  ;  therefore 
at  the  times  of  the  equinox  the  mean  motion  is  diminislied 
by  this  fraction,  or  by  20  seconds.  Tlierefore  the  days 
are  then  20  seconds  shorter  than  they  would  be  were  tliere 
no  obliquity.  At  the  solstices  the  o[)posite  effect  is  pro- 
duced. Here  the  different  meridians  of  right  ascension 
are  nearer  together  than  they  are  at  the  equator  in  the 
proportion  of  the  cosine  of  23^°  to  unity  ;  therefore,  wlien 
the  sun  moves  through  one  degree  along  the  ecliptic,  it 
changes  its  right  ascension  by  1«08°  ;  here,  therefore,  the 
days  are  about  19  seconds  longer  than  they  would  be  if  the 
obliquity  of  the  ecliptic  was  zero. 

We  thus  have  to  recognize  two  slightly  different  kinds 
of  days  :  solar  days  and  mean  days.  A  solar  day  is  the 
interval  of  time  between  two  successive  transits  of  the  sun 
over  the  same  meridian,  while  a  mean  day  is  the  mean  of 
all  the  solar  days  in  a  year.  If  we  had  two  clocks,  the 
one  going  with  perfect  uniformity,  but  regulated  «o  «&  \iQ 
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beep  aa  near  the  buu  as  possible,  and  the  other  ch&nging 
its  rate  BO  as  to  always  follow  the  snu,  the  bner  would  giiB 
or  loee  on  the  former  by  amounts  sometimes  rising  to  ij 
seoonds  in  a  day.  The  accumulation  of  the^  variadoitf 
through  a  period  of  several  months  would  lead  to  Btich 
deviations  tlmt  the  sun-clock  would  be  14  minutes  slower 
than  the  other  during  the  firet  half  of  February,  and  W 
minutes  faster  during  the  first  week  in  Novcmlwr.  The 
time-keepers  foniicrly  used  were  so  imperfect  that  ihae 
inequulities  in  the  solar  day  were  nearly  loet  in  the  nec«- 
wiry  irregularities  of  the  rate  of  the  clock.  All  clocb 
were  iherefore  set  by  the  sun  as  often  as  was  found  nMo- 
sary  or  convenient.  But  during  the  last  century  it  vras 
found  by  astronomers  tliat  the  use  of  units  of  time  vary- 
ing in  this  way  led  to  much  inconvenience  ;  they  there- 
fore substituted  mtufi  time  for  solar  or  apparent  time- 
Mean  time  is  so  measured  that  the  hours  and  days  shall 
always  be  of  the  same  length,  and  shall,  on  the  average,  be 
as  mneh  behind  the  suu  as  ahead  of  it.  We  may  imagine 
a  fictitious  or  mean  smi  tnonng  along  the  eijnator  at  tliB 
mt*  of  3"  56*  in  right  ascension  every  day.  Mean  time 
will  then  be  measured  by  the  passage  of  this  fictitions  sod 
across  the  meridian.  Apparent  time  was  used  in  ordinal^ 
life  after  it  waa  given  up  by  astronomers,  because  it  wa* 
very  easy  to  set  a  clock  from  tinje  to  time  as  the  sun 
passed  a  noon-mark.  But  when  the  clock  was  so  far  im- 
proved that  it  kept  much  better  time  than  the  sun  did,  it 
was  found  troublesome  to  keep  putting  it  backward  and 
forward,  so  as  to  agree  witli  the  sun.  Thus  mean  time 
was  gradually  introduced  for  all  the  purposes  of  ordinary 
L"fe  except  in  veiy  remote  country  districts,  where  the 
farmers  may  find  it  more  troublesome  to  allow  for  an  equa- 
tion of  time  than  to  set  their  clocks  by  the  sun  every  few 
days. 

The  common  household  almanac  should  give  the  equa- 
tion of  time,  or  the  mean  time  at  which  the  sun  passes  the 
meridian,  on  each  day  of  the  year.   Then,  if  anyone  wishei 
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aet  liis  clock,  he  ItDows  the  moment  of  the  8un  pansing' 
be  meridian,  or  being  at  some  noon-mark,  and  eets  his 
Ime-piece  accordingly.  For  all  piiqKwes  where  accurate 
ime  is  required,  recourse  must  he  Imd  to  aetronoinical  ob- 
erv-ation.  It  is  now  customary  to  send  time-signals  every 
lay  at  noon,  or  some  other  hour  agreed  upon,  from  obser- 
•ries  along  the  principal  lines  of  telegraph.     Thna  at 

lo  present  time  the  moment  of  Washington  noon  is  sig- 
lalled  til  Xew  York,  and  over  tlie  principal  lines  of  rail- 
ray  to  the  Sonth  and  West.     Each  person  within  reach  of 

telegraph -office  can  then  deteruiine  his  local  time  Ly  cor- 
seting these  BJj^als  for  the  difference  of  longitude, 

*.    RKMARKS  Olf  IMPEOVTNG  THE  CALENDAB. 

It  is  an  intt-resting  ((iiefition  whether  onr  calendar,  this 
irodtiet  of  the  growth  of  ages,  which  we  have  bo  rapidly 
leBcribed,  would  admit  of  decided  improvement  if  we 
free  to  make  a  new  one  with  the  improved  materials 
i£  modem  science.  This  question  ia  not  to  be  hastily  an- 
nrered  in  the  affirmative.  Two  small  improvements  are 
Undoabtedly  practicable  :  (1)  a  more  regular  division  of 
Qte  365  days  among  tho  months,  giving  February  30  days, 
tod  so  liaving  months  of  30  and  31  days  only  ;  (2)  putting 
die  additional  day  of  leap  year  at  the  end  of  the  year  in- 
etead  of  at  the  end  of  Febmary.  Tlte  smallest  change 
from  our  present  system  would  be  made  by  taking  the  two 
idditional  days  for  Febniary,  the  one  from  the  end  of 
July,  and  the  other  from  the  end  of  Becemhcr,  leaving 
the  last  with  30  days  in  common  years  and  31  in  leap 
J'earB.  When  we  consider  more  radical  changes  than  this, 
find  advantages  set  off  by  «iisad vantages.  For  in- 
ataiicie,  it  wonld  on  eoine  accounts  be  very  convenient  to 
divide  the  year  into  13  montlis  of  4  weeks  each,  the  last 
month  having  one  or  two  extra  days.  The  months  would 
then  l»egin  on  the  same  day  of  the  week  through  each 
year,  and  would  admit  of  ii  much  more  cotivcu\ci\t  ¥<v\\y\v 
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Rnt^alves  and  qnartere  than  thoy  do  now.  But  6>' 
year  would  not  admit  of  such  a  subdivision  without  divid- 
ing the  months  also,  and  it  is  possible  th;it  this  inconven- 
ience would  balance  tht  conveniences  of  the  plan. 

An  actual  attempt  in  modern  times  to  form  an  enlirely 
new  calendar  is  of  snfficient  historic  interest  to  be  men- 
tioned in  ibig  connection.  We  refer  to  the  so-called  Repob- 
lican  Calendar  of  revolutionary  France.  The  vear  some- 
times liad  365  and  sometimes  366  days,  but  instead  of 
having  the  leap  years  at  defined  intervals,  one  was  inserted 
whenever  it  mifrht  be  necessary  to  make  the  autumnil 
e<]Utnox  fail  on  the  first  day  of  the  year.  The  division  of 
the  year  was  effected  after  the  plan  nf  the  ancient  Egyp- 
tians, there  Ijeing  12  months  of  30  clays  each,  foUoved  bj 
5  or  6  supplementary  days  to  com]>lete  the  year,  whiflli 
were  kept  as  fcaflt-days.*  The  sixth  day  of  course  ocoar- 
red  only  in  the  leap  years,  or  Fntnciath  as  they  were  call- 
ed. It  was  called  the  Day  of  thelievolntion,  and  wisM* 
apart  for  a  quadrennial  oath  to  remain  free  or  die. 

No  attempt  was  made  to  fit  the  new  calendar  to  the  fiA 
one,  or  to  render  tlie  change  natural  or  convenient.  Tha 
year  began  with  the  autumnal  equinox,  or  September  2M 
of  the  Gregorian  calendar  ;  entirely  new  nanie^  were 
given  to  the  months  ;  the  week  was  abolished,  and  in  liea 
of  it  the  month  was  divided  into  three  decades,  the  laat  or 
tenth  day  of  each  decade  l«ing  a  holiday  set  apart  fur  the 
adoration  of  some  sentiment.  EventhedivHsionof  ilieday 
into  24  hoirs  was  done  away  with,  and  a  division  into 
ten  hours  was  substitnted. 

The  Republican  Calendar  was  fonned  in  1793,  the  ye" 
1  cominencing  on  Septemlwr  23d,  1702,  and  it  wU 
abolished  on  January  1st,  1806,  after  13  years  of  o*] 
fusion. 

*  They  revived  the  nirknaiDe  o[  tatu-culoUidei,  from  the  opponsMV 
of  the  new  state  of  things. 
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ASTBOITOMICAIj   EFHEICBRZS.  OB   NAU- 
TICAL ALMANAC. 


The  Astronomical  Ephemerif,  or,  as  it  is  more  com- 
iKily  called,  the  Nautical  Ahnututc,  is  a  work  in  wlilch 
IcKtial  phciiDiuena  and  the  pofiitione  of  the  heavenly 
niea  are  computed  in  advance.  The  need  of  such  a  work 
|Ht  bare  been  felt  l>y  navigators  and  astronomers  from 
b  time  that  astroDomical  predictions  became  i^iitlicicntly 
Bonte  to  enable  them  to  determine  their  position  on  the 
pace  of  the  earth.  At  first  works  of  this  daas  were  pro- 
ved and  puhlitihed  by  individual  astronomers  who  had 
i  taste  and  leisure  for  this  kind  of  labor.  Manfbcdi, 
Bonn,  published  Ephem^rldea  in  two  volumes,  which 
re  the  principal  aspects  of  the  heavens,  the  positions  of 
>  stars,  planets,  etc.,  from  1715  until  1725,  This  work 
Haded  maps  of  tlie  civilized  world,  showing  the  paths  of 
)  principal  eclipses  during  this  interval. 
IThe  DscfnlnesB  of  sacb  a  work,  especially  to  the  naviga- 
jp,  depends  upon  its  regular  appearance  on  a  uniform  plan 
Id  upon  the  fulness  and  accuracy  of  its  data  ;  it  was  there- 
re  necessary  that  its  issue  should  be  taken  up  as  a  gov- 
BneDt  work.  Of  works  of  this  class  still  issued  the 
Hiest  was  the  Vonnaiitmnix  dea  TejripH  of  Fmnee,  the 
■t  volume  of  which  was  published  by  Picakd  in  1679, 
id  which  has  been  continued  without  interruption  until 
p  present  time.  The  publication  of  the  British  I^autlcai 
BnuiTMic  was  commenced  in  the  year  lT*i7  on  the  repre- 
Bttations  of  the  Astronomer  Royal  showing  that  such  a 
nrk  would  enable  the  navigator  to  determine  his  longi- 
fee  within  one  degree  by  observations  of  ihe  moon.  An 
HTonomicai  ur  nautical  almanac  is  now  published  annually 
I  each  of  the  governments  of  Germany,  Spain,  Portugal, 
mnce,  Great  Britain,  and  the  United  States.  They  have 
jHilually  increased  in  size  and  extent  with  the  advancing 
huts  of  the  astronomer  until  those  of  Groat  Britain  and 
have  become  octavo  volumes  oi  betweeo.  VW 
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Hnil  *tOO  \taf^.  Tlieec  two  are  ])iitiUehed  three  yean  or 
more  Itcforehant],  in  order  ttiiit  navigators  going  on  long 
vovaj^es  may  supply  themselves  in  advance.  The  ,'lmiTt- 
can  Eph^n^ria  and  ^'autical  Aimatmc  has  been  r^olir- 
ly  publishiMi  since  1853,  the  firet  volume  hein;?  f(ir  thai 
year.  It  is  designed  for  tlio  use  of  navigators  tlie  wiwid 
over,  and  (he  (greater  part  of  it  is  especially  arranged  for 
the  use  of  aBtronoinere  in  the  United  States. 

The  immediate  ohject  of  pnblioations  of  this  cinss  iato 
enable  tlie  wa^-farer  and  traveller  upon  land  and  tlie  voy- 
ager upon  llie  ocean  to  detemiiiie  their  positions  by  obeW- 
valioiiB  of  the  heavenly  bodies.  Astronomical  tnstnunents 
and  methods  of  calculation  have  been  bronglit  to  sneii  » 
degree  of  perfection  that  an  astronomer,  armed  witli  a  uw- 
tical  almanac,  it  chronometer  regulated  to  Greenwicli  of 
Wushington  time,  a  catalogue  of  stars,  and  the  neccaaiy 
instruments  of  observation,  can  determine  his  |)ositioii^ 
any  point  on  the  earth's  enrface  within  a  hundred  ysni* 
by  a  single  night's  observations.  If  his  chronometer  » 
not  so  regulated,  he  can  still  determine  his  latitadc,  but  not 
his  longitndc.  He  coidd,  however,  obtain  a  rough  id«* 
of  the  latter  by  oltservations  npon  the  planets,  and  eoow 
within  a  very  few  iiiiles  of  it  by  a  angle  oliservation  on 
the  moon. 

Tiic  Ephcmeris  furnishes  the  fundamental  data  fno 
u'hieli  all  onr  household  almanacs  are  calculated.  ^| 

The  principnl  iiuantitics  given  in  tlie  Americmi  E|ihemeTll^^^ 
each  jcnr  are  as  follows  : 

The  positions  of  the  Bun  and  the  principnl  Inrge  planets  for  OtC*" 
wich  noon  of  every  day  in  carh  year. 

The  right  ascenston  and  declinstion  of  the  moon's  cetXn  i" 
every  hour  in  tht  year. 

The  distance  of  the  moon  from  CPrtain  bright  stars  and  plimrt 
for  evei7  third  hour  of  the  year. 

The  ri^htaNCoasiona  and  declinations  of  upward  of  two  liiindcw 
of  llio  bnghter  fixed  stars,  corrected  tor  precession,  nulation, U" 
aberration,  for  every  ten  days. 

The  positions  of  the  principal  planets  at  every  visilile  tran«t  O"" 
the  neridiBD  of  Washington. 

Compete  elementa  of  all  the  eclipses  of  the  sun  and  moon.  «»■' 
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,p9  showing  tlic  passage  of  the  moon's  shartow  or  penumbra  over 
IIXH9  regions  of  the  emth  where  the  eclipspH  will  be  visible,  and 
*We«  whereby  tJie  pliaaes  ot  the  ecUpaea  can   be  accuratelj  com- 

ited  for  any  ]ilacc. 

Tabks  for  predicting  the  occultBtiona  of  stars  by  the  moon. 

Kelipses  of  JapiUr'i  utellitca  and  raiBceHsiDoouB  phenomena. 

To  give  the  n-ador  a  still  further  idea  of  the  KphemerU,  we  pro- 
mt a  Bmall  portion  of  one  of  its  pages  for  the  year  l%ii% : 

PiusRUART,  1888— AT  Orkkswich  Mean  Noon. 
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Of  tho  same  general  nature  with  the  Ephemeris  are  entalogucj  of 
^.q  fixed  stars.  The  object  of  aiich  a  catalogue  is  to  give  the  right 
tension  and  declination  of  a  number  of  stars  for  some  epoch,  the 
^|inning  of  the  year  1875  for  instance,  with  the  data  by  which  the 
^^'^ation  of  a  star  can  be  found  at  any  other  epoch.  Such  caln- 
^es  are,  however,  imperfect  owing  to  the  constant  email  change* 
1  the  poaitioDx  of  the  stars  and  the  errors  and  imperfections  of  the 
Wer  oWrvations.  In  consequence  of  these  imperfections,  a  cooaid- 
rkblo  pArt  of  the  work  of  the  astronomer  enguged  in  accurate  de- 
— ''ttions  of  geographical  positions  consist  in  finding  the  moat 
«  ponltioiis  of  the  stua  which  be  makes  use  of. 


PART   II. 

THE  SULAR  SYSTEM  IN  DETAIL. 


CHAPTER  I. 

8TRTJCTUKK   OF   THE   SOLAR    SYSTEM. 

Tan  Bolar  s^-Bteni,  ae  it  is  IcDown  to  ns  tlirougli  the  dis- 
rerifis  of  O0PEENICC8,  Kepleb,  Newton  and  their  soc- 
BorE,  consists  of  the  buh  as  a  central  hody,  around  which 
'olve  the  major  and  minor  planets,  with  tlieir  eatellitea, 
ew  periodic  comets,  and  an  nnknown  niimher  of  meteor 
■nns.  These  are  permanent  members  of  the  syBtem. 
1  times  other  comets  appear,  and  move  Ufiiinlly  in  par- 
Olas  through  the  eystem,  around  theBnn,  and  away  from 
into  space  again,  thus  visiting  the  system  witlioot  bc- 
i  permanent  members  of  it. 
The  bodies  of  the  system  may  be  classified  as  follows  : 

1.  The  central  body — the  Sun. 

2.  The  four  inner  Tp\anet6— Mercury,  Yenus,  the  Earth, 
org. 

8.  A  groupof  small  planets,  sometimes  caJAeA  Asteroids, 
rolving  outside  of  the  orbit  of  Ma/ra, 
4.  A  group  of  four  outer  planets — Jupiier,   Saturn, 
rtrnns,  and  Neptune. 

6.  The  satellites,  or  secondary  bodies,  revolving  about 
t  planets,  their  primaries. 

6-   A  number  of  comets  and  meteor  swarms  revolving 
sentric  orbits  altout  the  Snn. 
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The  eight  planets  of  (vruup8  2  and  4  are  Bometunes 
claseed  together  as  the  vuijor  jJunttSj  to  distinguish  them 
from  the  two  hundred  or  more  minor plan^is  of  Group  3. 
The  formal  definitions  of  the  yarioiiB  dafises,  laid  down 
by  Sir  William  Herscuel  in  1802,  are  worthy  of  repe- 
tition : 

Planets  are  celestial  bodies  of  a  certain  very  consider- 
ablo  size. 

They  move  in  not  very  eccentric  ellipses  about  the 
sun. 

The  planes  c»f  their  orbits  do  not  deviate  many  degrees 
from  the  plane  of  the  earth's  orbit. 

Their  motion  about  the  sun  is  direct. 

They  may  have  satellites  or  rings. 

Thi?y  have  atmospheres  of  considerable  extent,  which, 
however,  hears  hanlly  any  sensible  proportion  to  their 
diametc»i*s. 

Their  orhits  are  at  certain  considerable  distances  from 
eacli  other. 

Asteroids,  now  more  generally  known  as  f^rtudl  or 
•hinior  j^ltint'ts^  an*  celestial  bodies  which  move  about  the 
sun   ill    orhits,  eitlier   of  little  or  of  considerable  eecen- 

tricitv,  the  i)lanes  of  wliich  orbits  may  bo  inclined  to  the 

t  I  * 

ecliptic  ill  any  angle  whatsoever.  They  may  or  may  not 
have  Ci)nsiderable  atnK)sphere8. 

Comets  are  celestial  bodies,  generally  of  a  very  siuall 
mass,  th(^iigh  how  far  this  may  be  limited  is  yet  un- 
known. 

They  move  in  very  eccentric  ellipses  or  in  parabolic 
arcs  about  the  sun. 

The  j)lanes  of  their  motion  admit  of  the  greatest  variety 
in  their  situation. 

Tlie  direction  of  their  motion  is  also  totallv  undeter- 
mined. 

They  have  atmo8f>heres  of  very  great  extent,  which 
show  thenisc'lves  in  various  forms  as  tails,  coma,  hazinesB, 
etc.. 


MAONITVDES  OF  TEE  PLANETS. 

9  Sizes  of  ths  Planets.— The  comparative  eizt-s  of   1 
Bie   major  planete,  as  tbey  would  appear  to  an  olwerver 
jjtnated  a.t  aii  cqu:il  diBtonco  from  all  of  them,  is  given  in 
pie  following  figiire. 


The  relati 

&om  the  viiriouB  plaiiL-ts,  is  ehowii  in  the  ul-xI  tigniv. 
i    J^lora  and  Mnemosyne  are  two  of  ihe  aeteroide, 

A  ciirions  relation  between  the  Jistancea  of  the  planeta,   , 
■mown  as  Bodc's  law,  dceerveB  mention.     If  to  tlie  nnni- 

0,  3,  0,  12,  24,  48,  flC,  192,  384, 
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of  which  (the  eecond  excepted)  is  twice  tbu  pn 
we  add  4,  we  obtain  the  Beries, 

4,  7,  10,  16,  2S,  52,  100,  Iflfi,  3S8. 

Tliceo  last  nuiiibere  n;iirc*!ent  approximately  Ite 


Fio.  ' 


tancee  of  the  planets  from  the  sun  (except  for  N^ 
which  was  not  discdvored  when  the  eo-callud  law  wai 
nonnced). 

This  ie  shown  in  the  following  table : 


^^1 

^ 

^H 
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,.^. 

bISS^. 

Bq4c'>  U». 

8  a 

7-3 
10-0 
16-2 
277 
62-0 

es'4 

191-8 
800-4 

4  0 
7-0 
10 '0 
ltJ-0 
2«-0 
82-0 
100.0 
IM-0 
S8B-0 

] 

will  be   observed  that  Neptune  dot*  nyt  fall  witliin 

e  relative   briglitneBs   of   the   Bun  ami  the   various 
t»  has   been  iiieaaQred  by  Zollner,  and  the  reeultg 
rfven  below.     The   c<A\im.a  per  cent  iAiovi»  the  per- 
ge  of  error  indicated  ia  the  Bcparate  rcbults  : 

«.»„„ 

R-tlO  L  1  lo 

pLTcent.  orSrcor. 

1118.000 

Q.flfl4.00U.(IOO 

5,472.000.(»CH) 

]3O.9,S(l.0OO,OOO 

8.48*1,000.000  000 

70^20.000.000,000 

1-0 

6-8 
87 
BO 
60 
5-5 

.'-.-  :. 

(LmUI  Blonc)  

e  differencea  in  the  density,  size,  mass  and  distance 
e  several  planets,  and  in  the  amount  of  solar  light 

fptUTt€  ie  eighty  times  that  of  Mtrcvry,  and  it  re- 
^  '"^'y  nVs  ^  much  tight  and  heat  from  the  sun. 
lensity  of  the  earth  ie  ahuut  six  times  that  of  water, 

e  mass  of  the  enn  is  far  greater  than  that  of  any 
9  planet  in  the  system,  or  indeed  than  tlie  fombined 
of  all  of  them.     In  general,  it  is  a  remarkable  fact 
.ho  mass  of  any  given  planet  axceeds  tlie  sum  of  the 
■  of  all  the  planets  of  Icm  maea  thaa  itaeli.     Tti&  \a 

s^own  [n  tite  foHowing  tahl«,  where  the  maeeefi  oftiiefdu-i 
etfi  are  taken  as  fractions  of  the  eun'smaes,  whicli  wetu 
expreaaas  1,000,000,000-. 


t 

1 

II 

1 

i 

i 

1 

1 

1 

^ 

«D 

_- 

i;nt   s,Osn 

M»a 

„.„i„„ 

»«. 

imjmjM 

JIBW 

Tbe  sum  i 
UlessU 

Mcrrurv  - 


h  Vruus  <  Earlli ; 
Veuus  +  Earlli  <  Vn   I 


The  total  mass  r<f  the  gmull  planet)*,  like  their  titunber, 
is  unknnwii,  hnl  it  is  probably  lusa  than  one  thoiwmdtli 
that  of  our  earth,  nnd  would  hardly  iuoreaee  tli<j  enat  toUl 
of  the  nbove  masse*  of  tlie  eolar  syetem  by  more  th&n  one 
or  two  units.  The  sun's  inaae  is  thus  over  TfXl  t{me«  tliat 
of  all  the  otiier  bodies,  and  hence  the  fact  of  its  centnJ 
position  in  the  soliir  system  is  explained.  Tn  fact,  tl 
twntre  of  ijravity  of  the  whole  solar  aystem  is  very  littta 
outeide  the  body  of  the  sun,  and  will  be  inside  of  it  whf 
JupiU'r  and  Saturn  are  in  opposite  directions  from  it. 

Planetary  Aspecu. — Tbe  motions  of  the  planets  abont  I 
the  Biin  havfi  been  explained  in  Chapter  TV.  From  whit  f 
is  there  said  it  appears  that  (he  best  rime  to  see  one  of  tho 
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r  planets  will  be  when  it  le  in  oppoBitiun— that  ii,  when 

B  gfocuiitrii!  longitude  or  Jt*  right  ascension  differs  180" 

r  12''  from  that  of  tho  euu.     At  such  a  time  the  planet 

1  iTse  at  sunset  aiid  cuhiiinute  at  midnight.     During  the 

ree  months  following  oppoeitiun,  the  planet  will  rise  from 

e  to  six  minntes  earlier  every  day,  bo  that,  knowing 

iien  a  planet  is  in  opposition,  it  iseasy  to  find  it  at  any 

r  time.      For  example,  a  month  after  opposition  the 


planet  will  bo  two  to  three  honrs  high  about  sunset,  and 

will  culminate  nlK)ut  nine  or  ten  o'clock.     Of  course  the 

inner  planets  never  come  into  opposition,  and  hence  are 

t  seen  about  the  times  of  their  greatest  elongations, 

i  above  figure  gives  a  rough  plan  of  part  of  the 

lystem  as  it  would  appear  to  a  spectRtorimiQediately 

>uve  ur  below  tho  plane  of  the  cfliptit;. 
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It  la  drawn  approximately  toacalc,  the  mean  dittancc  4>f 
the i-artli  1,=  1)  l)eing  lialf  an  int-li.  The  luean  dbbtnmtif 
Silum  would  he  4-7"  inches,  of  Uranu*  !*-sy  inches,  nf 
Jlrvphmf  15'M3  indioa.  On  the  same  suule  the  disUntv  iif 
the  nearegt  fixed  star  would  he  lu;l,133  inches,  or  orerotie 
and  one  half  niUea. 

The  uirangcinent  nt  tlie  ]>]ajicta  and  fiatellitee  is  then— 

Thd  Inner  Omdp.  AiUnnids.  Thr  Ontrr  Unnp, 

*?«■"'"■.'■  )    aoo  minor  plai.,.w.      (  J"Pit^r  "«f  4 '""-"- 

K-nl.  .nd  Moon.  }        "^  J'^'T^         1  l^r-nua  .nd  4  m™.. 

To  avoid  repetitionB,  tlie  elements  of  tlie  major  planet* 
a  id  other  data  are  collected  into  the  two  following  tables, 
lo  which  reference  may  ho  made  hy  the  student.  The 
units  in  terms  of  which  the  various  quantities  are  given 
arc  those  familiar  to  ii£,  a»  miles,  days,  etc,  yet  some  nf 
the  diatancea,  etc.,  are  bo  immenaely  greater  tlian  any 
known  to  onr  doily  experience  that  we  must  have  rceounw 
to  illustrations  to  obtain  any  idea  of  them  at  all.  For  ei- 
ample,  the  distance  of  the  enn  is  aaid  to  be  92}  mUluyt 
miles.  It  is  of  importance  tliat  some  idea  ehonld  he  had 
of  this  distance,  as  it  is  the  unit,  in  tenns  of  which  n'lt 
only  the  distances  in  the  solar  system  are  expressed,  hot 
which  serves  as  a  basis  for  measures  in  the  stellar  uaiveise. 
Thus  when  we  say  that  the  distanoc  of  >he  stars  is  over 
200.001J  times  the  mean  distance  of  the  sun,  it  becotnt* 
necessary  to  eee  if  some  conception  can  be  obtained  of  one 
factor  in  this.  Of  the  abstract  number,  93,500,000,  we 
have  no  conception.  It  is  far  too  great  for  us  to  haw 
counted.  We  have  never  taken  in  at  one  new,  even 
a  million  similar  discrete  objects.  To  count  from  1  to 
200  requires,  with  very  rapid  counting,  60  seconds.  Snp- 
poae  this  kept  up  for  a  day  without  intermission  ;  at  the 
end  we  should  have  counted  288,000,  which  ia  ahont  jjj 
of  92,500,000.  Hence  over  10  months'  uninterrnpted 
counting  by  niglit  and  day  would  be  required  simply  to 
•onmerate  the  numher,  and  lony  bufore  tJie  expiratii 
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the  tafik  all  idea  of  it  would  Lave  vanislied.  We  may  take 
Dtlier  and  perhaps  iiioro  striking  examples.  We  know, 
for  iuBtance,  that  the  time  of  the  fasteet  ex  press- trail  is  be- 
tween New  York  aiid  Chicago,  which  average  40  miles  per 
faonr,  is  about  a  day.  Suppose  bui;1i  a  train  to  start  for 
the  6iin  and  to  eontinue  nmmng  at  this  rapid  rate.  It 
Would  take  303  yeiirs  for  the  jonruey.  Three  hundred 
sod  eixly-three  years  ago  there  was  not  a  European  eettlo- 
ent  iu  America. 

A  camion-ball  moving  continuously  across  the  interven- 
ing space  at  its  highest  speed  would  require  about  nine 
ears  to  reach  tlie  sun.  The  re^wrt  of  tlie  cannon,  if  it 
(luld  Iw  conveyed  to  the  sun  with  the  velocity  of  sound  in 
ir,  would  arrive  there  five  years  after  tlie  projectile. 
nch  a  dietanoo  is  entirely  inconceivahlc,  and  yet  it  is 
piily  a  Email  fraction  of  those  with  which  astronomy  lias  to 
leal,  oven  in  our  own  system.  The  distance  of  N^ptwie 
i  30  times  as  great. 

If  we  examine  the  dimensions  of  tlic  variona  orl)s,we  meet 
■Itnoet  equally  inconceivable  numbers.  The  diameter 
of  the  sun  Is  860,000  miles  ;  its  radius  is  l>nt  43O,u0O,  and 
jret  this  is  nearly  twice  tlie  mean  distance  of  the  moon 
Ironi  the  earth.  Try  to  conceive,  in  looking  at  the  moon 
tn  a  clear  sky,  that  if  the  centre  of  the  sun  could  be 
placed  at  the  centre  of  tlic  earth,  the  moon  would  be  fsr 
within  tilt!  sun's  surface.  Or  again,  conceive  of  the  force 
of  gravity  at  the  surface  of  the  various  bodies  of  the  sya- 
tern.  At  the  sun  it  is  nearly  28  times  that  known  to  us, 
A  pendulum  beating  seconds  here  would,  if  transported 
to  the  ann.  vibrate  with  a  motion  more  rapid  tlian  that  of 
B  watch -balance.  The  muscles  of  the  strongest  man  would 
not  sngiport  him  erect  on  the  surface  of  the  sun  :  even 
lying  down  he  would  crush  liimsclf  to  death  uuder  his 
<nni  weight  of  two  tons.  We  may  by  these  illustrations 
(»t  some  rough  idoi  of  the  meaning  of  the  nuuibers  in 
these  tables,  and  of  the  incapability  of  our  limited  ideas  tu 
Wmprehend  tlie  true  dimensions  of  even  the  fauVax  &;j«Kavgu 
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CHAPTER  11. 

THE    SCN. 
@   1.    OENEBAIi  BUKMABY. 

To  the  student  of  the  present  time,  armed  with  the 
powerful  means  of  research  devised  by  modem  science, 
tJie  sun  presents  phenomena  of  a  very  varied  and  complex 
character.  To  enable  the  nature  of  these  phenomena  to  be 
clearly  understood,  we  preface  our  account  of  the  physiesi 
constitution  of  tlie  sun  by  a  brief  simimary  of  tLe  raiin 
features  seen  in  connection  with  that  body, 

PhotiMphere. — To  the  simple  vision  the  sun  presents 
the  aspect  of  a  brilliant  spliere.  The  visible  shining  ivr- 
face  of  this  sphere  is  called  the  photosphere.,  to  disdngnidi 
it  from  the  liody  of  the  sun  as  a  whole.  The  apparently 
flat  surface  presented  by  a  view  of  the  photosphere  is  called 
the  sun's  disk. 

Spota. — When  the  photjjephere  is  examined  with  a  tele- 
scope, small  dark  patches  of  varied  and  irregular  outline 
are  frequently  found  upon  it.  These  are  culled  the  mdar 
spots. 

Rotation. — When  the  spots  are  observed  from  day  to 
day,  they  are  found  to  move  over  the  sun's  disk  in  such  a 
way  as  to  show  that  the  sun  rotates  on  its  axis  in  a  period 
of  25  or  26  days.  The  sun,  therefore,  has  fla-Zs,  poUt,  and 
equator,  like  the  earth,  the  axis  being  the  line  around 
which  it  rotates. 

Faoule.— (ironps  of  minute  specks  brighter  than 
general  surface  of  the  sun  are  often  seen  in  the  neighl 
hood  of  spots  or  elsewhere.      They  are  caIledy«tW( 
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Chromosphere,  or  Sierra. — The  solar  photosphere  ia 
covered  by  a  layer  of  glowing  vapora  and  gases  of  very  ir- 
re^lar  depth.  At  the  bottom  lie  the  vapors  of  many 
metals,  iron,  etc.,  volatilized  by  the  fervent  heat  which 
reigns  there,  while  the  upper  portions  are  composed  prin- 
cipally of  hydrogen  gas.  This  vaporous  atmosphere  is 
commonly  called  the  chromosphere,  sometimes  the  eierra. 
It  18  entirely  invisible  to  direct  vision,  whether  with  the 
telescope  or  naked  eye,  except  for  a  few  seconds  about 
the  beginning  or  end  of  a  total  eclipse,  but  it  may  be  seea 
on  any  clear  day  through  the  ppectroscopc. 

FromineDCOB,  Protuberances,  or  Bed  Flames. — The 
|[aees  of  the  chromosphere  are  frequently  thrown  up  in 
irregular  masses  to  vast  heights  above  the  photosphere,  it 
may  be  5'l,(HTO,  100,000,  or  even  200,000  kilometres. 
like  the  chromosphere,  these  masses  have  to  he  studied 
with  the  spectroscope,  and  can  never  be  directly  seen  ex- 
cept when  the  sunlight  ismit  off  by  the  intervention  uf  the 
moon  during  a  total  eclipse.  They  are  then  seen  as  rose- 
colored  flames,  or  piles  of  bright  red  clouds  of  irregular 
and  fantastic  shapes.  They  are  now  usually  called  "  prom- 
inences" by  the  English,  and  "  protuheraucee"  by 
French  writers. 

Corona. — During  total  eclipses  the  sim  is  seen  to  be  en- 
Yeloptd  by  a  mass  of  soft  white  light,  much  fainter  than 
the  chromosphere,  and  extending  out  on  all  sides  far  be- 
yond tlie  highest  proinineuces.  It  is  brightest  around  tlie 
edge  of  tlie  sun,  and  fadesofi  toward  it*  outer  boundary, 
by  insensible  gradations.  This  halo  of  hght  is  called  tlie 
eorona,  and  is  a  very  striking  object  during  a  total  eclipse. 

g   2.    THE  PHOTOSPHEBE. 

AjBpeot  and  Straoture  of  the  Photosphere. — The  disk 
of  the  enn  is  circulur  in  shape,  no  matter  what  side  of  the 
■nil's  glol>e  is  turned  tim'ard  us,  whence  it  follows  that  the 
sun   itself  is   a   sjihcrc.     The   aspect   of  the  disk,  wheu 
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viewed  witli  tli<^  naked  eye,  or  with  a  tdeecope  of 
low  power,  is  that  of  a  uniform  bright,  shining  enrfwe, 
hence  cnllud  the  photo4tpherv.  With  a  telescope  of 
higher  power  the  photosphere  is  eeen  to  be  diverejfied 
with  gronpB  of  spots,  and  under  good  conditions  the 
whole  niatffi  lias  a  mottled  or  curdled  appearance,  Tbis 
mottling  is  OJiuse<I  l-y  the  presence  of  cloud-like  fonns, 
wht«v  outlines  though  faint  are  jet  distingnisliaMe. 
The  background  is  also  covered  with  email  white  dots 
or  fonns  still  Huiallcr  than  the  clouds.  These  are  the 
'■  rice-graina,"  so  called.  The  clouds  themselves  are 
composed  of  smaU,  intensely  briglit  bodies,  irrcgnlariy 
distribntod,  of  tolerably  definite  shapes,  which  seem  to  be 
suspended  in  or  superposed  on  a  darker  medium  or  back- 
ground. The  spaces  between  the  bright  dots  vary  in 
diameter  from  2'  to  V  (about  1400  to  2800  kilome- 
tres). The  rice-grains  themselves  have  been  seen  to 
be  composed  of  smaller  granules,  sometimes  not  more 
than  0''3  (135  miles)  in  diameter,  clustered  togetlier, 
Thus  there  have  been  seen  at  least  three  orden  of 
aggregation  in  tlie  brighter  parts  of  tlie  photosphere: 
the  larger  cloud-hke  forms  ;  the  rice  grains  ;  and,  small- 
vst  of  all,  the  granules.  These  forms  have  been  stndici 
with  the  telescope  by  SeccHr,  Huggins,  and  Laxulxv, 
and  their  relations  tolerably  well  made  out. 

In  the  Annunin  of  tlie  Burenu  of  Longitudes  for  1678  (p.  C8B), 
M.  jANasRN  gives  on  arcuuotol  hisreceatdiacovery  of  theretJculMtd 
nrrAQzL-mi^nt  of  the  Bolur  photosphere.  The  paper  is  accomuuiied 
by  a  photograph  of  the  Hnpearances  describea,  which  to  enurged 
tlireefold.  Photographs  less  thao  four  inchea  in  diameter  rAiitiot 
Mtisfoctorily  show  such  detHJIs.  As  the  grauulatioiiB  of  the  soUr 
surticF  ure,  in  ^nurul,  not  greatly  larger  than  1"  or  2",  the  photo- 
graphic iimdiation,  which  is  sometimes  20"  or  more,  may  completeij 
iibscure  their  chrtranterialic*.  This  difficulty  M.  Jansskn  has  over 
Dome  by  entarging  the  inia^e  and  shortening  tlie  time  uf  cxpoa- 
ure.  In  this  way  the  trradistion  b  diminished,  because  ns  the  di- 
ameters increase,  the  linear  dimensions  of  the  details  are  increased, 
and  "  the  imperfcclione  of  the  sensiltve  plate  have  less  relative  im- 
portance," 
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L  M.  jAnsaEK  hei!  noted  ttint  in  short  exposures  the  photic    ' 

^Kctrum  is  almost  nonochrnmatic. 

k  way  it  difiere  greatly  from  the  visible  spectrum,   sud  to 

Btage  of  the  former  fnr  this  special  purpose.  The  diameter 
Raolar  photograms  have  since  1874  been  successively  increased 
b  IS,  15,  20,  and  30  centimetres.  The  exposure  is  made  equal  all 
mt  tba  surface.     In  summer  this  exposure  for  the  largest  photo- 
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jinuiu  is  lew  than   0"O0O3.     Tlie  development  of  such  pictures  is 
fery  slow. 

These  photograms,  on  examination,  show  that  the  solar  surface  is 
arered  with  a  fine  granulation.  The  forms  and  the  dimeusions  of 
'  e  elementary  surfaces  are  very  various.     They  vary  in  siEe  from 

-;'-4  to  8''  or  4"  (300  to  8000  kilometruV    'nuni  tonift  i 


ABTROyOSfT. 

—  -      t<ier»Uy  rircle»  or  ellipMsi,   but  these 

grmtl]'  Rltcred.  This  ^r»iiulali(>B  ia  apparenll;  Aprcod  niuallj  iJI 
oror  U)e  disk.  The  briJIinncj  of  the  points  ia  very  varUblf.  iid 
they  appear  Id  lie  sitiistcd  at  dLSercot  deptbs  below  the  pboro- 
■[■hen  -  the  mun  luininous  piirticlea,  tho«e  to  which  the  mIv  light 
ia  chioll,v  due,  occupy  only  a  small  fraction  of  the  soIm  surfare. 

Till!  iDDit  remarkable  feature,  howeTer,  is  ''the  reticulated  (i- 
miftvmi-Dt  of  the  p.irts  of  the  photosphere."  ^'The  pbologrann 
■liow  [hat  the  constitution  of  the  photosphere  is  not  unifonn 
throughout,  but  that  it  is  divided  ia  a  series  of  regions  mort  or 
less  distant  from  each  other,  and  having  each  a  special  constitutiwu 
These  regions  have,  in  general,  rounded  contours,  but  these  tn 
often  almost  rectilinear,  thus  formiDg  polygons.  Tlie  dimeDsioos 
of  these  ftgiires  are  very  vsrinlilei  some  are  even  1'  in  diaroein 
(over  2^.000  miles).''  "Between  these  flsures  the  pnins  ue 
■harply  defined,  but  in  their  interior  they  tit ;  nlmnst  effaced  sod 
run  together  as  if  by  some  force."  Thene  |iiifnomena  c&n  be  b«I 
understood  hy  n  reference  lo  the  figure  of  U.  jANsaEM  (p.  iSX). 

Light  and  Hoat  from  the  Photosphere.— The  photo- 
ep/ure  is  not  oijuaUy  bright  all  over  the  apparent  disk. 
This  is  at  once  evident  to  the  eye  in  observing  the  ennvitli 
a  telescope.  Tlio  centre  of  the  disk  is  moet  brilliant,  and 
the  edges  or  limbs  are  shaded  off  sn  aa  to  forcibly  eoggest 
tlie  idea  of  an  absorptive  atmosphere,  wlu'cli,  in  fact,  is  tie 
canse  of  tliis  njtpeariince. 

Such  absorption  occurs  not  only  for  the  rays  by  which 
we  sea  the  sun,  tlic  eo-callcd  viawil  rays,  but  for  those 
whicli  have  tlie  moBt  powerful  effect  in  decompoeing  ihe 
salts  of  silver,  ihe  so-called  chemical  ray:i,  by  which  the 
ordinary  photograph  is  taken. 

The  ainonnt  of  heat  received  from  different  portions  of 
the  sun's  disk  is  also  variable,  according  to  tlm  part  of 
the  apparent  disk  examined.  This  it)  what  we  should  ex- 
pect. Tiiat  is,  if  the  intensity  of  any  one  of  lliese  mdiatiuiu 
(as  felt  at  the  earth)  varies  from  centre  to  eircnuiference, 
that  of  every  other  should  also  vary,  since  they  are  all 
modifications  of  the  same  primitive  motion  of  the  sun's 
constituent  particles.  But  the  constitntion  of  the  snn's 
atiniisphere  is  such  that  the  law  of  variation  for  the  three 
classes  is  different.  The  intensity  of  the  radiation  in  the 
Bun  itself  and   inside  of  the  absorptive  atmosphere  isprob- 
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•bly  nearly  constant.  The  ray  which  leaves  the  centre  of 
the  sun's  disk  in  passing  t-o  the  earth,  passes  through  the 
Biitallest  possible  tliickness  of  the  solar  atmosphere,  while 
the  lajB  from  points  of  the  sun's  body  which  appear  to 
Dft  near  thu  limbs  pass,  on  the  contrary,  throuj^h  tho  mazi>  l 
mnm  thickness  of  atmosphere,  and  are  thus  longest  sub-  ] 
jected  to  its  absorptive  action. 

This  is  plainly  a  rational  explanation,  since  the  part  of 
the  Bun  which  is  seen  by  us  as  the  limb  varies  with  the 
position  of  the  earth  in  iX&  orbit  and  with  the  position  of 
the  enn's  surface  in  its  rotation,  and  has  itself  no  physical 
peculiarity.  The  various  absorptions  of  different  classes 
of  rays  correspond  to  tliis  supposition,  the  more  refrangi- 
ble rays  suffering  most  absorption,  as  they  must  do,  being  ■ 
corapoeed  of  waves  of  shorter  wave  length.  _  \ 

The  followiog  table  gives  the  observed  ratios  nf  the  amount  of 
heat,  light,  nnd  chemical  action  at  the  centre  of  the  sua  and  at 
Tarions  distuiicos  from  the  centre  toward  the  limb.  The  first 
oolomo  at  the  table  givvs  the  apparent  distiinces  from  the  centre 
of  the  disk,  (he  sun's  radius  being  I  '00.  The  sui^und  column  gives 
the  percentage  of  heat-rays  received  by  an  obsi-rver  on  the  earth 
from  points  at  these  various  distances.  That  is,  for  ever;  100  heat- 
njs  reaching  the  earth  from  the  sun's  centre,  S5  reach  uh  from  a 
point  half  way  from  the  centre  to  the  limb,  and  so  on. 

Analogous  duia  are  given  for  the  light-rays  and  the  chemical 
njB.  The  data  in  regard  to  heat  are  due  to  Professor  Laholet  ; 
those  in  regard  to  light  and  chemical  action  to  Professor  Pickerino 
and  Pr.  VooGL  respectively. 
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ACTaoNOMT. 
t  the  nrth  h**e  approiunatelj  the   following  rtUtnc 


received  t 
eflecU  : 

A  hu  twicF  as  much  cITert  on  s  thnmomeUr  as  B  (heatl: 

A  has  three  times  as  mui^h  illumiualiiig  effect  as  B  (light); 

A  ha»  ocren  times  as  much  effect  in  decompoaing  the  phnln- 
gnathic  salts  of  iilver  a«  B  (aclinic  eSecif. 

It  w  \o  be  careful];  bome  in  mind  that  the  above  numbeiB  refer 
to  variatioDS  of  the  sun's  ra;s  received  from  diflereot  equal  suriicft 
A  and  B,  in  Ouiir  rffeii  upon  tertain  arbitrary  terrfttriai  itnndardtaf 
mmvira.  If,  for  example,  the  decomposition  of  other  salts  thu) 
those  employed  for  ordinarr  phoiogranhic  work  be  taken  af  itind- 
artlt,  thru  the  numbers  will  be  nlterea,  and  eo  od.  We  are  simply 
meaauriug  the  power  of  solar  rajs  selected  from  different  psru  of 
thv  lun's  apparent  disk,  and  hence  eipoaed  to  different  condition 
of  absorption  in  his  atmosphere,  to  do  work  of  a  certain  selected 
hiod,  as  to  nuse  the  temperature  of  a  thermometer,  to  affect  tbe 
human  retina,  or  to  decompose  certain  salts  of  silver. 

In  thia  the  absorption  cf  the  earth's  atmosphere  is  rendered  cod- 
■tAttt  for  each  kind  of  experiment.  This  atmosphere  has,  however, 
a  very  strong  absorptive  effect.  We  know  that  we  can  look  at  the 
aettiog  or  rising  sun,  which  sends  its  light  rajs  through  great 
depths  {>f  the  earth's  atmosphere,  but  not  upon  ibe  sun  ut  noon- 
day. The  temperature  is  lower  at  sunrise  or  at  sunset  than  at  noon, 
anil  the  absorption  of  chemical  rajs  is  so  marked  ihat  a  photogra[A 
.  of  I  ho  solar  spectrum  which  can  lie  taken  in  three  seconds  at  noon 
requires  six  hundred  seconds  about  sunset — that  is,  two  hondted 
timi'B  OS  long  (DnArER). 

Amount  of  Heat  Emitted  by  the  Sun. — Owing  to  i 

absorption  of  llie  solar  atmoephere,  it  follows  that  v 
ceive  only  a  portion — pL-rhaps  a  very  email   portion  - 
the  rays  emitted  by  the  siui's  photosphere 

If  the  sun  liad  no  absorptive  atmosphere,  it  Tould  s 
to  118  hotter,  brighter,  and  more  blue  in  color. 

Exact  notions  as  to  bow  great  this  absorption  is  are  hi 
fo  gain,  but  it  may  be  said  ronghly  that  the  best  anthqi 
ties  af^ree  that  altboiigh  it  is  qnite  possible  that  the  snl 
atmosphere  absorbs  half  the  emitted  rays,  it  probably  i 
not  absorb  four  iifths  of  them. 

It  ia  a  curious,  and  as  yet  we  believe  unexplained  fact, 
that  the  absorption  of  the  solar  atmosphere  does  not  affect 
the  darkness  of  the  Fraunhofer  lines.  They  seem  eqni 
black  at  the  centre  and  edge    of  the  sun.*     The  a 

*  Prof.  TouHa  haa  qiokaa  of  a  alight  obaervable  dUEomacai   | 
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of  this  absorption  is  a  practical  question  to  us  on  the  eartl 
So  long  as  the  central  bod^  of  the  bud  continues  to  emil 
the  same  quantity  of  rays,  it  is  plain  that  the  thicknese  of 
the  eolar  atmosphere  determines  the  number  of  such  rays 
reaching  the  earth.  If  in  former  times  this  atmosphere 
was  much  thicker,  then  less  heat  would  have  reached  the 
earth.  Professor  Lanqley  suggests  that  the  glacial  epoch 
may  he  explained  in  this  way.  If  the  central  body  of  the 
6tin  has  likewiBe  had  different  emissive  powers  at  different 
times,  this  again  would  produce  a  variation  in  the  tempera- 
ture of  the  earth. 

Amount  of  Ecat  Hadiated. — There  isatprcFeiit  no  way 
of  determining  accurately  cither  the  absolute  amount  of 
heat  emitted  from  the  centi-al  body  or  the  amount  of  this 
heat  stopped  by  the  solar  atmosphere  itself.  All  that  can 
be  done  is  to  measure  (and  that  only  roughly)  the  amount 
of  heat  really  received  by  the  earth,  without  attempting  to 
define  accurately  the  circiimstancee  which  this  radiation 
lias  undergone  before  reacliing  the  earth. 

The  difficulties  in  the  way  of  determining  how  much 
heat  reaches  the  earth  in  any  definite  time,  as  a  year,  are 
twofold.  First,  wenuist  be  able  to  distinguiiili  between 
the  heat  as  received  by  a  thermometric  apparatus  from 
the  sun  itself  and  that  from  external  objects,  as  our  own 
atmosphere,  adjacent  buildings,  etc.;  and,  second, 
mtiBt  be  able  to  allow  for  the  absorption  of  the  earth't 
atmosphere. 

PoL-iLLET  has  experimented  upon  this  question,  making, 
allnwance  for  the  time  that  the  sun  is  below  the  horizon 
uf  any  place,  and  for  the  fact  that  the  solar  rays  do  not  in 
general  strike  perpenilicnlarly  but  obliquely  upon  any 
jfiven  part  of  the  earth's  surface.  His  conclusions  may 
be  stated  as  follows  :  if  our  own  atmosphere  were  re- 
moved, the  solar  rays  would  have  energy  enough  to  melt 
a  layer  of  ice  9  centimetres  thick  over  the  whole  earth 
daily,  or  a  layer  of  about  32  metres  thick  in  a  year. 

Of  the  total  amount  of  heat  radiated  by  t\ve  »wb. 
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Inh  receives  bat  an  insi^iiicanl  eliare.  The  uiQ  u 
._pable  of  beating  the  entire  surface  of  a  sphere  whoce  n- 
dins  is  the  earth's  mean  distance  to  tlie  same  degree  tint 
the  earth  is  now  healed.  The  surface  of  such  a  sphere  ii  ' 
2,170,000,000  times  greater  than  the  angular  dimensou 
of  the  earth  as  seen  from  the  snn,  and  hence  the  eanb  re- 
ceives less  than  one  two  billionth  part  of  the  solar  radia- 
tion. The  rest  of  the  solar  rays  are^  eo  far  as  we  knoir, 
lost  in  space. 

It  is  found,  from  direct  measures,  that  &  sun-spot  gives  less  hett,     ii 
arvK  for  area,  tliHn  tlie  unspotted  |iholO!>phere.  aod  it  is  an  interat- 
ing  question  how  muclt  the   climate  of  Ilie  earth  can  be  affected  b; 
this  difference, 

Prorcs»or  Langlev,  of  Pittsburgh,  ho,*  made  measuirments  of  dw 
direct  effect  of  sun-spots  on  tprrestriKL  temperature.  The  obsem- 
tians  ronsisted  in  measuringthereliitiveamouDtsof  umbnil,  penm- 
bral,  and  phutospheric  radiation.  The  relative  umbral,  penumbnl, 
and  photospheric  areas  were  deduced  from  ihe  Kew  obaerrationsof 
■pots  ;  and  from  a  consideration  of  these  dntu,  and  confining  tba 
question  strictly  to  changes  of  terrestrial  lemperalurc  due  to  tiiii 
cause  alone,  LAHotKT  deduces  the  result  that  "  sun-spots  do  M- 
erciie  a  direct  effect  on  teirestrial  temperature  bj  decreasing  ttu 
niean  temperature  of  the  earth  at  their  maximum."  This  chuge 
it,  however,  verj  sinall,  as  "  it  is  represented  by  a  change  in  tEt 
mean  ttmiteralurc  of  our  globe  in  eleven  vears  not  ffreater  Ibu 
0-6"  C,  and  aot  leu  than  0-3°  C,"  It  is  not  intended  to  show  that 
the  earth  ia,  on  the  whole,  cooler  in  maximum  sun-spot  yea^^  bat 
that,  as  far  as  this  cause  goes,  it  tends  to  muke  the  earth  cooler  hj 
this  minute  amount.  What  other  causes  maj  co-exiat  with  the 
""    " '       n  spot-frequencj  are  not  considered. 


Solar  Tomperature.^From  the  amount  of  heat  actnally 
radiated  by  tiie  sun,  attempts  have  been  made  to  determine 
the  actual  temperature  of  the  solar  Furface.  Tlie  esti- 
mates reached  by  various  antboriCies  differ  widely,  as  the 
laws  which  govern  the  absorption  witliin  the  solar  en- 
velope are  almost  unknown.  Some  such  law  of  absorp- 
tion has  to  be  supposed  in  any  such  investigation,  and  the 
estimates  have  differed  widely  according  to  the  adapted 
law. 

Secitiii  estimates  this  temperature  as  about  fi.lOOjOtWC. 
Other  estiimttes  are  far  lower,  but,  accoi-ding  to  all  sound 
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liiloeopby,  tlie  temperature  mast  far  exeeed  any  ter- 
etrial  temperature.  There  can  be  no  doubt  that  if  tlie 
mperatnre  of  the  earth's  surface  were  suddenly  raised  to 
lat  of  the  snn,  no  single  chemical  element  would  remaiii 
1  ita  present  condition.  The  most  refractory  materials 
onid  be  at  once  volatilized. 

We  maj  cooceotrate  the  heat  received  upon  several  square  feet 
lie  surface  of  a  huge  buroing-lens  or  mirror,  for  instance), 
Uinine  its  etTects  at  the  focus,  and.  making  allownnce  for  the  cnii- 
tosation  by  Ihe  lens,  see  what  is  the  minimum  possible  teiupera- 
Te  of  the  sun.  The  tcmperuture  nt  the  focus  of  Ihe  lens  cnnnot 
!  higher  than  that  of  'he  source  of  lieat  In  the  sun  ;  we  can  only 
)Dceotrate  the   heat  received  on  Ihc  surface  of  the  lens  to  one 

liot  and  esamine  ils  effects,     tf  a  lens  three  feet  in  dinmeter  be 

ed.  the  most  refrnctory  materials,  as  fire-clay,  platinum.  Ihe  dia- 
tond,  are  at  once  melted  or  volatilized.  The  effect  of  the  lens  is 
lainly  the  same  as  it  the  earth  were  brought  closer  to  ihe  sun,  in 
le  ratio  of  the  diameter  of  th«  focal  image  to  tlitit  of  Ihe  lens.  In 
te  case  of  the  lens  of  three  feet,  allowing  for  the  absorption,  etc., 
lis  diatUDcc  is  yet  greater  than  that  of  the  moon  from  the  lartli, 
Ithat  it  appears  that  any  comet  or  planet  so  close  us  this  to  the 
■n,  if  composed  of  materials  similar  to  those  tn  the  earth,  must 
t  vaporized. 

If  we  calculate  at  what  rate  the  temperature  of  the  sun  wotitd  bo 
iwered  annually  by  the  radiation  from  ils  surface,  we  khall  find  it 
I  t>e  1^°  Centigrade  yearly  if  its  specific  heat  is  that  of  water, 
ad  twtirecn  3°  and  6°  per  annum  if  its  specific  heat  is  the  same  as 
lat  of  the  various  constituents  of  the  earth  itself.  It  would  there. 
Ire  cool  down  in  a  few  thousand  years  by  an  appreciable  amount. 

g  3.    SUIT-SPOTS  AHD  FACUllS. 

A  very  cursory  examination  of  the  sun's  disk  ynWx  a 
nail  telescope  will  generally  show  one  or  more  dark  spots 
pon  the  photosphere.  These  are  of  various  sizes,  from 
liniite  black  dots  1' or  2*  in  diameter  (IIKH)  kilometres 

less)  to  large  spots  several  mimiteB  of  are  in  extent. 

Solar  spots  generally  have  a  dark  central  nud-eus  or 
jfibra,  surrounded  by  a  border  or  penumhra  of  griiyish 
at,  intermediate  in  shade  between  the  central  blackness 
id  the  bright  photosphere.  By  nicreasliig  tiie  power  of 
le  telescope,  the  spots  are  seen  to  be  of  very  complex 
The  mnhra  is  often  extremely  iireguUr  in  sha^, 
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ftiid  is  sonietimeA  crossed  by  bridges  or  ligantenu  of  elunin^ 
matter.  The  penumbra  is  composed  of  liUmeDU  of 
brighter  and  darker  light,  which  are  arranged  in  ftriie. 
The  appearances  of  the  separate  filaments  are  as  if  tliej 
were  directed  downward  toward  the  interior  of  the  spot 
in  an  oblique  direction.  The  general  aspect  of  a  spot  un- 
der considerable  magnifying  power  is  shown  in  Fig.  78, 

The  first  printed  account  of  solar  spots  was  given  bjr 
Fabbttids  in  1611,  and  Galileo  in  the  eame  year  Qixj, 
1611)  also  descrihed  them.     They  were  also  attentirdy 


Btadied  by  the  Jesuit  Scbeinek,  who  supposed  them  b>bo 
Bmall  planets  projected  against  the  solar  disk.  This  idea 
was  disproved  by  Galileo,  whose  observations  showed 
them  to  belong  to  the  sun  itself,  and  to  move  uniformly 
across  the  solar  disk  from  east  to  west.  A  spot  just  riable 
at  the  east  limb  of  the  sun  on  any  one  day  travelled  slowly 
across  the  disk  for  12  or  14  days,  when  it  peached  the  west 
limb,  behind  which  it  disappeared.  After  about  the  ai 
period,  it  reappeared  at  the  eastern  liinb,  nnleas,  as  is  o 
the  case,  it  had  in  the  mean  time  vanished. 


SVJrS  SPOTS  AND  ROTA  TION. 

The  spots  are  not  permanent  in  tlieir  nature,  but  are  I 
med  somewhere  on  the  eun,  and  disappear  after  liisting  I 
Ka  few  daj'S,  weeks,  or  inunths.  Bnt  so  long  as  they  last  I 
Bthey  move  regularly  from  east  to  west  on  the  sun's  appar- 
lent  disk,  making  one  complete  rotation  in  about  25  days. 
I  Tbis  period  of  25  dayn  is  therefore  approximately  the  rota-  J 
I  tioii  perio:l  of  the  eun  itself. 

Spotted  Region. —It  is  found  that  the  spots  are  chiefl;  eon- 
\  fined  Iol«o  zone.*,  one  in  each  hemiaphere,  eML-nding  from  about    1 

or  40°  of  heliographic  latitude.     In  the  pulur  regioni, 
I  qxitB are  scarcely  ever  seen,  anA  on  the  solar  c:(|mitor  tlicy  arc  much 


more  rare  than  in  latitudes  10'  north  cir  smith.  Connected  with 
the  apota,  but  Ijing  oa  or  above  the  Bolnr  surface,  are  faeida,  mol- 
lUnga  of  light  brighter  than  the  general  surface  of  the  sun.  Th« 
formation  of  a  sun-spot  is  said  to  be  ofteu  presaged  bj  the  ap- 
pearance of  faeulo!  near  the  point  wliere  the  apot  is  to  form. 

Solar  Botatian.— To  obtain  the  exact  period  of  rotation,  the 
•pots  nnst  be  carefully  fixed  in  iioaition  by  mieromctric  mt^nsures 
from  day  to  day,  the  times  of  the  meosurcn  being  noted.  Better 
nil),  daily  photogmphii  may  be  made  and  afterward  measured. 
This  hai  been  done  by  several  observers,  and  the  remarkable  result 
reached  that  the  apots  do  not  all  rotate  exactly  in  the  fame  period, 
Itut  that  thia  time,  as  determined  from  any  apot,  depends  upon  the 
lidiayraiihie  latitude  of  the  spot,  or  its  angular  distance  from  the 
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■olaT  eiguator.     A  MriM  nt  observations  made  by  Mr.  CABBnnmn    , 
of  EnglKni)  {hy  Ilio  c;«,l  give  the  following  values  of  tbe  rntatina 
timn  T,  tor  upoU  Id  dllTereiit  heliographic  latitudes  f,  : 


r  =:  85  Iff  days     «  33S 


r=  90-040 
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inu  also  tn  Tary  BOmewhot  in  A 
anie  hcliogntphic  latitade,  to  t 
!  ilcfloitc  rotation   tinu-  tti  the 


The  period  of  rotation  i 
yearn  even  for  spot*  in  tin 
really  cannot  assign  any  i 
we  can  to  the  rsrtlt  or  the  moon. 

"  Tb(!  probability  lathat  liiesun,  not  being  solid,  has  really  MOtu 
Iterind  ot  rotation,  but  different  portions  of  its  surface  and  of  It*  in- 
temul  mass  move  at  different  raleB,  and  to  some  extent  inilcpcDdint 
ly  of  each  other,  though  appniximately  in  one  plane  inclined  ^il 
T'  to  the  ecliptic,  and  around  a  common  axiA.  Tli<>  indiriduil 
epots  drift  in  latitude  as  well  as  in  longitude,  nod,  on  llin  nliule,  il 
ajipenrs  that  spots  within  15*  or  20"  of  Ibu  solar  eijaalnr  on  eilhrt 
aide  move  toward  the  etiuator,  white  beyond  this  lituit  tlicy  moof 
BWny  fmm  it."     (YofNO.) 

Bolar  Axis  and  Squalor. —The  spots  must  rev.) 
Biirf»ce  of  the  sun  about  his  axis,  nnd  the  dirci^lio&s  v? 
must   be    approximately    pnrallcl    to    his   equator.      ! 
the  appearances  as  actually  olwervcd,  the  dotted  liii<  '• 
the  apparent  paths  of  the  spots  across  the  sun's  di'-k   '<i<iii<><"" 
time4  of  the  year.     In  June  and  December  theM?   pailin.  to  an  iili- 
server  on  the  earth,  seem  to  be  right  lin(-s,  and  hence  at  those  limr* 
the  observer  must  be  in  the  plane  of  the  sohtr  equator.      At  otliri 
times  the  paths  are  ellipses,    and  in  March  ana  September  the 
planes  of  these  ellipses  arc  most  oblique,  showitig  the  apectatw  to 
be  then  furthest  from  the  plane  of  the  solar  equator.     The  incli- 
nation of  the  solar  equator  to  the  ecliptic  is,  as  alrcBdy  «tat«d,  atMul 
7'  S',  and  the  nxU  of  rotation  is  of  coarve  perpendicular  to  it. 

Nature  of  the  Spots. — The  Bun-Bpots  are  really  depm- 
aions  in  the  pliutospliere,  as  was  first  [Minted  oat  hy  Aj<- 
DEEw  Wilson  of  Glasgow.  Wlien  a  spot  is  seen  At  the 
edgo  of  tlie  disk,  it  appears  as  a  notch  in  the  limli,  aod  is 
elliptical  in  shape.  As  the  rotation  carries  it  further  and 
farther  on  to  tlie  disk,  it  becomes  more  and  more  nearly 
circular  in  sliape,  and  after  passing  the  centre  of  the  di^ 
the  appearances  take  jjlacc  in  reverse  order. 

These  observations  were  explained  by  Wii.bok,  and  more  fully  by 
Sir  William  HEHSCHst.,  by  supposing  the  sun  to  consist  of  an  in- 
terior dark  cool  mass,  surrounded  by  two  layers  of  clouds.     Th« 
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f  IsTer,  which  forms  the  visible  photosphere,  was  supposed 

exlpenn?l;f  brilltsnL     The  inner  layer,  which  could   not  be  aeen 

[  exce[it  when  a  cavity  existed  in  the  photosphere,  was  eupposcd 

.    to  be  dark.     The  appearance  of  the  edges  of  a  spot,  which  has 

been   described    as    the   penumbra,   was   supposed   to   arise   from 

those  dark  clouds.     The  spots  themselves  are,  according  to  this 

'   Tiew,  nothing  but  openings  through  both  of  the  atmospheres,  the 
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BVfieuM  at  the  spot  being  simply  the  black   surface  of  the  innet 
sphere  of  the  sun  itself. 

This  theory,  which  the  figure  on  the  neit  page  exemplifies, 
BTcounts  for  the  facta  as  they  were  known  to  Rbrbchei..  But  when 
it  in  eunfronted  with  the  questions  of  the  cause  of  the  sun's  heat 
and  of  the  method  by  which  this  heat  has  been  maintained  coo- 
Htont  in  amount  for  centuries,  it  breaks  down  com^letel^.    Tfaft 


I 
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(Hincliiaions  (if  Wiivios  aniJ  Hekschki,,  that  the  B|)otB  are  d*pn«M" 
in  the  «uo's  Burfapif.  nre  uiiiloiibt«<).  But  the  existence  of  •root  te 
rnil  and  wilid  niicli'us  to  the  aun  is  now  known  to  be  un[K>snbk 
Th«  appaniiilly  bliok  centres  of  the  npnts  are  so  mostly  b;  contriM.  | 
If  they  were  seen  against  n  jierfectlj  black  bftckgroutid.  theTwtwId 
appear  vpry  bright,  as  has  bwri  pmied  by  the  photometric  measoM 
of  Professor  Laicolkt,  And  a  cool  solid  nucleus  beneftth  snch  u 
atmosphere  as  Hkrwiiki.  supposed  would  soon  become  ghseom  by 
tho  condurlion  and  Tailialion  of  the  heat  of  the  photosphere.  Tlw 
supply  of  solar  beat,  wliich  has  been  very  nenrly  constant  durinf 
the  historic  period,  would  iu  a  sun  so  constituted  hare  sendblr 
diinioUh»d  in  a  few  hundred  years.  For  these  and  other  msoDS, 
the  hypothesis  of  Hkum-iiki.  must  be  modifled.  save  as  to  the  fad  _ 
that  Uie  spots  are  really  cavities  in  the  photo<:pherc. 


I 


FtO.    SI.— AFFBARAHOH  OF   A   SPOT   NF.IB   TITF    I.rXH 
CKSTKK   OH-    Till-,    -r.v. 

ITumber  and  Periodicity  of  Solar  Spot*.— The  nnmbar 
of  solar  spots  which  come  into  view  varies  from  year  to 
year.  .Vhliough  at  first  sight  this  might  seem  to  be  what 
we  call  .1  purely  accidental  circutusloiice,  like  th«  occur- 
rence of  cloudy  and  clear  years  on  tlie  earth,  yet  tlie  series 
of  observations  of  Bun-apots  by  Hnfrath  Schwabk  of 
Dessau  (soo  the  table),  continued  by  him  for  forty  years, 
Mtablislicd  the  fact  that  this  number  varied  periodical^. 
This  had  indeed  been  previouflly  suspected  by  Hobesbow, 
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f9B  independentl J  raggeeted  and  completelj  proved 


Tablb  of  SaKWABs'B  Results. 
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The  periodicity  of  the  spota  ie  evideot  from  tbe  U 
It  will  appenr  in  a  more  striking  way  from  the  follovi^ 
summary  : 
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Every  11  ycara  tlierc  ts  a  minimum  nnraher  of  epote, 
and  about  5  years  after  each  miniiQuni  there  is  a.  m&ii- 
mum.  If  iiiBtead  of  merely  eountiiig  the  number  of  spots, 
meufiuremt^nts  are  made  on  solar  photograms.  oe  they 
are  called,  of  tiie  extent  of  spatted  area,  the  period  conw* 
out  ■with  greater  distinctness.  This  periodicity  of  tha 
area  of  the  solar  spots  appears  to  be  connected  with  mag- 
netic plienoniena  on  the  earth's  surface,  and  with  thenom- 
ber  of  auroras  visible.  It  liaa  been  supposed  to  be  con- 
nected also  with  variations  of  temperature,  of  rainfall, 
and  with  other  meteorological  phenomena  such  a&  the  mon- 
soons of  the  Indian  Ocean,  etc.  The  cause  of  this  period- 
icity is  08  yet  unknown.  Cabeinoton,  De  la  Rce, 
LoKWT,  and  S  trwart  have  given  reasons  whicli  go  to  ehow 
that  there  is  a  connection  between  the  spotted  area  and  the 
configurations  of  the  planeta,  particularly  of  JupiUr, 
Venus,  and  MtTcury.  Zollxer  says  that  the  cnuse  Wee 
within  the  sun  itself,  and  assimilates  it  to  the  periodio 
action  of  a  geyser,  which  seems  to  he  <i  priori  probable. 
Since,  however,  the  periodic  variations  of  the  spots  cor- 
respomi  to  the  magnetic  variation,  as  exhibited  in  tbe  laat 
column  of  the  table  of  Scbwabe's  result,  it  appears  tlutt 
there  may  be  some  connection  of  an  unknown  natnre 
between  the  sun  and  the  earth  at  least.  But  at  present 
wo  can  only  state  our  limited  knowledge  and  wait  for 
further  information. 
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.     Br.  Wolf  (Director  of  the  Zurich  Observatory)  has  col-     ^H 

lected  all  the  available  obeervatione  of  the  eolar  spotB,  and    ^H 

it  ifl  found  that  since  1610  we  have  a  tolerably  complete     ^| 

record  of  these  appearances.     The  number  and  character      ^^ 

of  the  spots  are  now  noted  every  day  by  observers  in  many 

qoarters  of  the  civihzed  world.    This  long  genes  of  obser- 

vations has  served  as  a  basis  to  determine  each  epoch  of 

maximum  and  minimum  which  has  occnrred  since  1610, 

and  from  thence  to  determine  the  length  of  each  single 

period. 

The  following  table  gives  Dr.  Wolf's  results  :                    ^1 

Table  civjmq  the  Tikes  of  Maxikcm  amd  MiNttitrK  Bthi-Spot    ^B 

Frequenct,  AGCORDina  to  Wolf. 

■ 

«„,b™. 

Bkohd  Sxkih. 
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XlDbM. 

DHT. 

M^ 

Diir. 

H>n^ 

D... 
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IQlfi'O 
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8.3 

10-S 

10-2 

n-s 

1819- 0 

i:.o 

10380 

13-0 

175.1-2 

11-3 

1781-5 

8-B 

lSM-0 

11-0 

1839.Q 

D-S 

1780-5 

0-0 

1760-7 

8-7 
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10-0 

1840-0 

11-0 

1773-5 

e-2 

1778-4 

B-7 

1866-0 

no 

18600 
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1784-7 
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1788-1 

16-1 

lS6a-D 

13-6 

1675-0 

10-0 

1798-8 

ia-3 

1804-3 

12 -a 

1679. 6 

10.0 

1685-0 

SO 

1810 '6 

ia-7 

1818-4 

18-5 

isee-s 

1693-0 

1838  ■8[ 

1839-0 

8-6 

12-S 

[  10-8 

7-8 

18080 

1705-5 

1883  9 

1837-2 

L 

uo 

13-7 

9-0 

10-0 

L              1712  0 

1718-2 

1848-5 

1848-1 

I 

US 

O-S 

1  13-5 

ISO 

■             17285 

1727-6 

1856-0, 

1860  I 

■l 

lOS 

11-3 

11-3 

10 -S 

P             17810 

1738-7 

1867-a! 

1870-1 

f    n-ao±2iiy««. 

ll-ao±2.06yii. 

ll-ll±l-54yB. 

!0-04±a-53y* 

1               ±004 

±o.as' 

±0.17 

±0-76 
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From  the  first  aerice  of  earlier  obeervatioDS,  the  period 
ooines  out  from  observed  minima,  11-20  jeare,  with  a 
Tariation  of  two  yeare  ;  from  observed  maxima  the  pericul 
is  11-20  years,  with  rariatioa  of  three  yi^are — that  ie,  thie 
series  ahowe  the  period  to  vary  between  13-3  and  i'-l 
years.  If  we  8Hppi>so  these  errors  to  arise  only  from  errors 
of  observation,  and  not  to  be  real  changes  of  the  period 
itself,  the  vitnn,  period  is  11-20  ±  0-64. 

The  results  from  tlie  second  series  are  also  given  at 
the  foot  uf  the  table.  From  a  combination  of  the  two,  it 
follows  that  the  WMvm  period  is  11-111  ±  0-307  yean, 
with  an  oscillation  of  ±  2-030  years. 

These  resulte  are  formnlated  by  Dr.  Wolf  as  follows : 
The  frequency  of  solar  spots  has  coutintied  to  change 
periodically  since  their  discovery  in  1610  ;  the  mean  length 
of  the  period  ia  \\\  years,  and  the  separate  periods  may 
differ  from  this  meiui  period  by  as  innch  as  2-03  yeare. 

k.  g«iiera1  relation  between  the  frequenc;  of  tbe  ^iiot*  and  the 
viriation  of  the  m&ipietic  netidle  U  snonrn  bj  the  numben  which 
have  bei'n  given  in  thu  table  of  8cHW.<BB'e  results.  This  reUtion 
has  been  most  closely  studied  by  Wolf.  He  denotee  b;  g  the 
number  of  groups  of  spots  seen  on  any  day  on  the  sun,  counting 
earh  isolated  spot  as  a  group ;  by/  is  denoted  the  number  of  spoU 
in  each  group  (fg  is  then  proportional  to  the  B|)ott«d  area) ;  by  1 1 
cocffipient  depending  upon  the  size  of  the  telegeope  used  lor  ol»er- 
Tstion.  and  by  r  tlie  aaily  rrlatiee  number  so  caiicd  ;  then  be  rop- 

From  the  daily  lelatire  numbers  are  formed  tbe  mean  monthly 
and  tbe  mean  annual  relative  numbers  r.  Then,  according  to 
Wolf,  if  v  ia  the  mean  annunl  variation  of  the  magnetir  needle  at 
any  plB(?e,  two  constants  for  that  place,  ir  and  3,  can  be  found,  W 
that  the  following  formula  is  true  for  all  years  : 

F-a  +  ^-r. 

Thus  tor  Munich  the  formula  becomes, 


e  =  5'-n  +  0'-0«5r,  audio  OB. 


^H 

H    1 

^M 
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T»w. 

MnnoB. 

P»io»™. 

ObMTTFd. 

CompDted 

.^^. 

c™poWd. 

- 

S::;:.: 

ia-37 
11-70 
10  M 
813 

13-77 

11-56 
11  18 

-080 
+  014 
-017 
-0-48 

11-41 

n-ao 

10  70 
S-03 

1310 

10-89 
10-46 
8-97 

-0-6fl 
+  0-71 
+  0-24 

+  0-18 

The  above  compariBon  bears  out  the  conclnaion  that  the 
nagnetic  variations  are  anbjected  to  the  same  perturba- 
ions  ae  the  development  of  the  solar  spots,  and   it  may 
«  uid  that  the  changes  in  the  fre«iiien<!y  of  snlar  spots 
Btd  the  like  changes  of  magnetic  variations   show  that 
bese  two  phenomena  are  dependent  the  one  on  the  other, 
r  rather  upon  the  same  eosmical  cause.     What  this  cause 
b  remains  aa  yet  unknon'n. 

g  4.    THE  Smff-S  CHBOHOaPHEBE  AJTO  COBONA. 

Fhenomena  of  Total  Eolipses. — The   beginning  of   a 
total  solar  eclipse  is  an  tnsigiiiticant  phenomenon.     It  is 
inarked  simply  by  the  amull  black  notch  made  in  the  hi- 
Ininons  disk  of  the  snn  by  the  advancing  edge  or  limb  ol 
Ae  looon.     This  always  occurs  on  the  western  half  of  the 
tan,  as  the  moon  moves  from  west  to  east  in  its  orbit.    An 
hoar  or  more  must  elapse  before  the  moon  has  advanced 
■aflSciently  far  in  its  orbit  to  cover  the  sim's  disk.     During 

b  little  to  notice  during  the  first  two  thirds  of  this  period 
from  the  beginning  of  the  eclipse,  unless  it  be  perhaps  the 
■lt«red  shapes  of  the   images  formed  by  small  holes  or 
iperturea.     Under  ordinary  circumstaneea,  the  image  ol 
the  sun,  made  by  the  solar  rays  which  pass  through  a  smal 
Jiole— in  a  card,  for  example—arc  circular  in  shape,  like  the 
ihape  of  the  sun  iteelf .     When  the  sua  la  creacant^  th« 

L 

1 
J 
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iiiiapc  of  the  BUn  formed  by  eucli  nys  \6  also 
and,  under  favorable  drcnmBtancee,  as  in  a  thick  fore* 
wliere  the  intersticee  nf  the  leaves  allow  eiich  ima^  to  be 
formed,  the  effect  is  quite  striking.  The  reason  for  tiia 
phenomenon  is  obvious. 

The  aetoal  amount  of  the  sun's  light  mav  be  dimioiabed 
to  two  thirds  or  three  founlis  of  its  ordinary  amount  with- 
out its  being  rtrikingiy  perceptible  to  the  eye.  Wliat  i» 
first  noticed  is  the  chaiige  which  takes  place  in  the  color 
of  the  surrounding  landscape,  which  begins  to  weur  a  rud- 
dy aspect.  This  grog's  more  and  more  pronounced,  and 
gives  to  the  adjacent  country  that  weird  efleet  which  lendl 
80  much  to  the  improssivenese  of  a  total  eclipse.  Tiie  re^ 
son  for  the  change  of  color  is  simple.  We  Lave  already 
said  that  the  sun's  atmosphere  absorbs  a  large  proportion 
of  the  bluer  rays,  and  ns  this  absorption  is  dependent  on 
the  thicknces  uf  the  sular  atmosphere  through  which  Uie 
rays  must  pass,  it  is  plain  that  just  before  the  sun  is  total- 
ly covered  the  rays  by  which  we  see  it  will  bo  redder  than 
ordinary  sunlight,  ea  they  are  those  which  come  from 
points  near  the  sun's  limb,  where  they  have  to  pass  throogli 
the  greatest  thickness  of  the  sun's  atmosphere. 

The  color  of  the  light  becomes  more  and  more  Inrid  up 
t^  the  moment  ivlien  the  sun  has  nearly  disappeared.  If 
the  spectator  is  upon  the  top  of  a  high  mountain,  he  can 
then  begin  to  see  the  moon's  shadow  rushing  toward  him 
at  the  rate  of  a  mile  in  about  two  seconds.  Jost  as  the 
shadow  reaches  him  there  is  a  sudden  increase  of  darkuee 
— the  brighter  stars  begin  to  shine  in  the  dark  lurid  aky, 
the  thin  crescent  of  the  sun  breaks  up  into  small  points  or 
dots  of  light,  which  suddenly  disappear,  and  the  moon  it- 
self, anintens^ily  black  ball,  appears  to  hang  isolated  in  the 
heavoua. 

An  instant  afterward,  the  corona  ia  seen  surrounding  the 
black  disk  of  the  moon  with  a  soft  effulgence  quite  differ- 
ent from  any  other  light  known  to  us.  Near  the  moon's 
limb  it  is  intensely  bright,  and  to  the  naked  eye  aniform 
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stmctnre  ;  5'  or  10'  from  the  limb  this  inner  < 
B  a  boundary  more  or  less  defined,  and  from  this  extend 
[reamers  and  wings  of  fainter  and  more  nebulotw  light. 
Iheee  are  of  various  sliapee,  bizcb,  and  brilliancy.  No 
TO  solar  eclipeea  yet  observed  have  been  alike  in  this  re- 
ect. 

Theee  wings  seem  to  vary  from  time  to  time,  though  at 
orly  every  eclipse  the  same  phenomena  are  lieBcribed  by 
■servers  sitnated  at  different  points  along  the  line  of 
Nality.  That  is,  these  appearances,  though  changeable, 
)  not  chango  in  the  time  the  moon's  shadow  requires  to 
MB  from  Vancouver's  Island  to  Texas,  for  example,  which 
some  fifty  minuter. 

Superposed  upon  these  wings  may  lio  seen  (somotimee 

■ith  the  naked  eye)  tho  rcdllaniesor  protuberances  which 

i  first  discovered  during  a  solar  cctipBC.     These  need 

be  more  closely  described  here,  as  they  can  now  be 

idled  at  any  time  by  aid  of  the  spectroscope. 

The  total  phase  lasts  for  a  few  minutes  (never  more  than 

>r  seven),  and  during  this  time,  as  the  eye  becomes  more 

more  accustomed  to  the  faint  light,  the  outer  corona  is 

m  to  stretch  further  and  further  away  from  the  sun's 

lb.     At  the  eclipse  of  1878,  Jiily  29th,  it  was  seen  by 

ifessor  Lanolet,  and  by  one  of  the  writers,  to  extend 

lore  than  6°  (about  9,000,000  miles)  from  the  ann's  limb. 

fast  before  the  end  of  the  total  phase  there  ia  a  Budden 

tBcrease  of  the  brightneag  of  the  sky,  dtic  to  the  increased 

Dtimination  of  the  earth's  atmosphere  near  the  observer, 

id  in  a  moment  more  the  sun's  rays  arc  again   visible, 

cmingly  as  bright  us  ever.     From  the  end  of  totality  till 

le  last  contact  the  phenomena  of  the  first  half  of  the 

ilil>se  arc  repeated  in  iciverse  onlor. 

Telaaoopio  Aspeot  of  the  Corona. —  Such    are    the  ap- 

)carances  to  the  naked  eye.     The  corona,  as  seen  through 

telescope,  is,  however,  of  a  very  complicated  structure. 

Hie  inner  corona  is  iistiaUy  composed  of  bright  stria;  or  iil- 

leuts  separated  by  darker  bands,  and  some  of  thea«  Iftt- 
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ter  are  Bometime*  seen  to  be  nltnost  totally  black. 
ap|>c«irance8  itre  extremely  irrefrnlar.  but  they  are  oflea 
if  the  inner  cotodk  were  uiaxje  up  of  bniBhes  of  light  od  a 
darker  background.  The  direction  of  these  bmstiM  ie 
often  radial  to  the  Bun,  eepedally  about  the  poles,  bnt 
where  the  outer  corona  joins  on  to  the  inner  these  bnwhff 
are  sometimes  bent  over  so  ae  to  join,  or  it  were,  the 
boundaries  of  ihe  outer  light. 

The  great  difficulties  in  the  way  of  stndying  the  cororu 
have  been  due  to  the  short  time  at  the  dispoeal  of  the  ot>- 
ecTver,  and  to  the  great  differences  which  even  the  be«t 
draughtsmen  will  make  in  their  rapid  sketchy  of  eo  com- 
plicated a  plienomeaun.  The  tigure  of  the  inner  corou 
on  the  next  {>age  is  a  copy  of  one  of  the  licst  drawings  made 
of  the  eclipse  of  1869,  and  is  inserted  chiefly  to  show  the 
nature  of  the  only  dmwingB  possible  in  the  limited  time. 
Tlic  nurabers  refer  to  the  red  prominences  around  the  limb. 
Tlie  radial  structure  of  the  corona  and  its  dilfereot  exten- 
sion and  nature  at  diferent  points  are  also  indicated  in  the 
drawing. 

The  figure  on  page  302,  is  acopy  of  n  crajron  drawing  made  ia  1978. 
The  belt  evidence  which  we  can  gain  of  the  details  of  the  coron 
coDies,  however,  from  a  series  of  pbotographa  takca  during  the  wliolt 
of  totality.  A  photograph  with  a  sliort  uxmisiire  gives  Ihe  detiata 
af  the  inuer  corona  well,  but  is  not  affected  by  Ihefniiiter  ootlpog 
parts.  One  of  longei  exposure  shows  details  further  away  frev 
the  sun's  limb,  while  those  near  it  are  lost  in  a  glare  of  light,  being 
ovcr-eiposed,   and  so  on.     In  this  way  a  senes  of  pholc^gisphi 

S'vei  ua  the  means  of  building  up,  as  it  were,  the  whole  corona 
om  its  brightest  parts  near  the  sun's  limb  out  to  the  fiiintest  por- 
tions which  will  impress  themselves  on  a  photographic  ]<tste. 

The  corona  and  red  prominences  are  solar  appendages. 
It  was  formerly  doubtful  whether  the  corona  waB  an 
atmosphere  belonging  to  the  sun.  or  to  the  moon.  At  the 
eclipse  of  1S60  it  was  proved  by  measurenienta  that  the 
red  prominences  belonged  to  the  sun  and  not  to  the  moon, 
since  the  moon  gradually  covered  them  by  its  mol 
they  remaining  attached  to  the  sun.  The  corona  has 
itiiice  been  shown  to  be  a  colar  appendage. 
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:  eclipse  of  1851  was  total  in  Sweden  and  neigh- 
ring  parts,  and  was  very  carefnlly  observed.     Similar 
B  were   seen  about  the  sun's  limb,  and  one  of 
s  a  form  as  to  show  that  it  could  by  no  poeeibility 
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e  a  monntain  or  solid  mass,  since  if  auch  had  been 
sue  it  would  inevitably  have  overturned.     It  was 
tore  a  gaseous  or  ctoud-like  appendage  belonging 
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Tliepe  were  othcre  of  varioas  and  pcrliajs  varying 
upee,  and  tlio  l>atHe  of  these  were  connected  hy  a  low 
of  serrated  roee-oolored  Hglit.  One  of  tlieso  prota- 
8  fiiiown  to  be  entirely  u'jovu  the  emi,  as  if 
Dating  witliin  ita  atiuospliore.  Around  the  whole  diek 
the  eim  a  ring  of  eiimlar  nature  to  the  prominences 
lists,  which  '\6  brighter  than  the  corona,  and  Bcems  to 
a  baee  for  the  prutubenmces  theniBelves  ;  thiB  is 
erra.  Some  of  the  red  tiaines  were  of  enormous 
eight ;  one  of  at  leaet  S0,000  iiiiW. 
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OftMOUS  Nature  of  the  Prominences. — Tlie  next  eclipse 
JMl!^,  JuKi  was  total  in  Tndiii,  and  was  obHurved  hy  many 
Lillod  aBtronomere.  A  discovery  of  M.  Jasssen's*  wHIi 
ako  this  eclipse  forever  memoraWo.  JTe  wits  pr<jvidwl 
tth  ft  spectroscope,  and  by  it  observed  the  prominences, 
)  prominence  in  piirticular  was  of  vast  size,  and  when 
Bpectroecope  was  turned  upon  it,  its  Bpectmm  was  dia- 
mtinuoQS,  showing  tho  bright  lines  of  hydrogen  gss. 


I*  Sow  Dlreclor  of  the  tjohu-  Oliaervntory  ot  Mcudoa,  m 
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The  brightness  of  the  spectrnm  was  so  marked  thil 
Jahssen  determined  to  keep  his  spectroecope  fixed  nponil 
even  after  the  reappearance  of  eunlight,  to  eee  how  long  it 
ounid  be  followed.  It  was  found  that  its  fipectmin  could 
etill  he  ecen  after  the  return  of  complete  sunlight ;  and  n»t 
onlj^  on  that  day,  bat  on  eubaeqaent  days,  Biniilar  phenom- 
ena could  be  observed. 

One  grrat  difficuhy  was  conquered  in  an  instant.  The 
red  flames  which  formerly  were  only  to  be  seen  for  a  few 
mouienU  during  iho  comparatively  rare  oecnrrencea  of 
total  eclipses,  and  whose  obeervation  demanded  long  lod 
expensive  journeys  to  distant  parts  of  the  world,  could 
now  be  regularly  observed  with  all  the  facilities  offered  by 
a  fixed  observatory. 

This  great  step  in  advance  was  independently  made  by 
Mr.  LoirKTEB,*  and  his  discovery  was  derived  from  pure 
theory,  unaided  by  the  eclipse  it«elf.  By  tliis  method 
the  prominences  have  been  carefully  mapped  day  by 
day  all  around  the  sun,  and  it  has  been  proved  that 
around  this  IkkIj  tliere  is  a  vast  atmosphere  of  hydrogen 
gas — the  chnimogpkere  or  »ierra.  From  ont  of  this  the 
prominences  are  projected  eomctimes  to  heights  of  100,tKXl 
kilometres  or  more. 

It  will  be  necessBTj  to  recall  the  mslQ  fncts  of  observation  whicli  »re 
fundamenlul  in  llic  use  of  Ilie  spectroscope.  When  a  hrilliaat  poial  )a 
examiocil  with  tlie  apectroscope.  it  is  spnwl  oui  by  tlie  prism  into  i 
band— the  spectrum.  Using  two  prisms,  Ihe  speclnim  becomes  longer, 
but  the  )lj^t  of  the  surface,  beine  spread  over  a  t'^aier  area.  U  en- 
feebled. Three,  four,  or  more  prisms  spread  out  the  spectrum  propor- 
tiooally  more.  If  the  spectrum  is  of  an  incandescent  solid  or  liituia.  it 
!b  always  coolinunus.  and  It  can  be  enfeebleil  lo  anj  degree ;  so  Ihit 
any  part  of  it  can  be  made  as  feeble  as  desired. 

This  method  is  precisely  simllariaprinciple  to  the  use  of  the  telescope 
in  viewing  stars  in  the  daytime.  The  IcU-scope  lesiena  the  brilliancy 
of  the  sky.  while  the  dUk  of  Ibe  star  is  kept  of  tlie  aame  intensity, 
u  It  is  a  point  in  iUetf,  Ilthus  becomes  visible.  If  it  ie  allowing  gas. 
Jti  spectnim  will  consist  of  a  deHnile  nuniberof  lines,  say  three— A,  il, 
0,  forexample.  Now  suppose  the  spectrum  of  this  gas  to  be  superpmed 
on  tbe  contmuous  spectrum  of  Uie  sun  ;  by  using  only  one  prism,  the 

•  Mr.  J.  Norman  lioraTER,  F.R.S..  of  London,  now  attached  lo 
the  Science  and  Art  Department  of  the  South  Kensington  Museum. 
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loUr  Epectruni  is  Minrl  unil  brilliant,  and  crery  part  of  it  maT  be  nnrB 
brilliant  than  Ihi:  llu'.'  sprctmni  of  the  gaa.  By  increasing  tbe  diaper- 
■Ion  (tlie  numlKT  of  piismK),  the  solnr  spcctTum  is  prfpnrtlnnalely  en- 
ieeblitL  If  the  rnlio  uf  the  light  of  the  bodies  tbemselTefi,  Uiv  sun  nod 
Ibe  gns,  u  not  too  great,  tlic  continuous  spuctnim  may  bt;  so  enfeelili-d 
thai  llic  line  KmTlriim  will  l>e  visible  when  superposed  upon  it,  and 
tlw  spectrum  of  tbe  gas  may  then  be  aeen  even  in  the  presence  of  Iruo 
•nnllWbt.  Such  wna  Ibe  process  imagined  and  guceessfully  carried  out 
by  Mr.  LocKTER,  and  mrh  m  in  csHence  the  melUod  of  ricning  the 
prominences  lo-dnv  adopted. 

The  Coronal  "Bpeotrmn.— In    1809  (August  7th)  a  total  aoiar 
eclipse  WHS  visible  in  the  United  States.     It  was  probnbly  observed 
by  more  astronomers  ttian  any  preceding  eclipse.     Two  American 
-    ■         "  ■-  •  Colle  ■  *"    ' 


,  Professor  youso,  of  Dartmouth  College,  and  Professor 
Hakkneh,  of  the  Naval  Observatory,  eBpeeiaiiy  obgerved  the  spec- 
trum of  the  corona.  This  spectrnm  was  found  to  consist  of  one 
Mat  greenish  line  crossing  a  fiunt  continuous  spectrum.  The 
place  of  this  line  in  the  maps  of  the  solnr  spuctnim  published  by 
KincHnoiv  was  occupied  by  a  line  which  ho  had  attnbutcd  to  the 
fron  spectrum,  and  which  hod  been  numbered  1474  in  his  list,   so 
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gaa  which  must  be  present  in  larg^  and  possibly   variable 

'■'      '      '  ,nnd' 

.  agaa 
existence  of  this  line  has  been  traced  10'  or  20'  fnim 


iBntiticB  in  the  coronn,  nnn  which  is  not  known  to  us  on  tliv  earth, 
this  form  at  least.     It  is  probably  a  aaa  even  lighter  tlinn  bydi 


rken  of  as  1474  K.     This  line  is  probably  di 
1  ■        '  .         ■  .  .  !,..._ 

intitiea  in  th 

this  form  at 
fwn,  as  the  ex 
Uie  sun's  limb  nearly  all  around  the  Ahk. 

In  the  eclipse  of  July  39lb,  IWiS,  which  was  total  in  Colorado 

id  Texas,  the  continuous  spectrum  of  the  corona  was  found  to  ha 
crowed  by  the  dark  lincH  of  the  solar  spectrum,  showing  that  the 
eoromd  light  was  composed  in  part  of  reflected  sunlight. 


S  B.    SOURCES  OF  THE  SUN'S  HEAT. 

Theories  of  the  Bun's  Constitution.—  No  considerable 
fraction  of  tiie  heat  radiateil  from  the  eun  returns  to  it 
from  the  celestial  spaces,  since  if  it  did  the  earth  would 
intercept  Bome  of  the  returning  rays,  aiid  the  temperature 
of  night  would  be  more  like  that  of  noonday.  But  we 
know  the  Bun  is  daily  radiating  into  space  S.lTOjtKMt.OOO 
times  as  tnuclj  lieat  as  is  daily  received  by  the  earth,  and 
it  follows  that  unless  the  supply  of  beat  i^  intiriite  (which 
we  cannot  believe),  this  enomious  daily  radiation  must  in 
time  exhaust  the  Bupply.  When  the  eiipply  la  exhausted, 
or  even  seriously  trenched  upf>ii,  tbe  result  to  the  iaiiab- 
itante  of  the  earth  will  Iw  fatal.     A  slow  <Uuuu.\).tv<<>a  <Ji 
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the  dail;  sapply  of  best  wonld  produce  a  slow  clikn^i 
clinittea  from  hotter  toward  colder.  The  Berione  t€otI!i 
of  a  fall  of  50°  in  the  me&n  anDnal  temperature  of  tbe 
earth  vrill  be  erideot  when  we  remember  that  encli  a  fall 
wonld  change  the  climate  of  France  to  that  of  Spitiba- 
gen.  The  temperatnre  of  tJie  enn  cannot  be  kept  up  b* 
t)ic  mere  combustion  of  its  maleriak.  If  the  sun  were 
solid  carbon,  and  if  a  constant  and  adequate  eupplv  of 
oxygen  were  ako  present,  it  has  been  shown  that,  at  the 
present  rate  of  radiation,  the  heat  arising  from  the  ocan- 
bnetion  of  the  mase  would  not  last  more  than  5000  je»a- 

An  explanation  of  the  solar  heat  and  L'ght  has  beoi 
BU^t»ted,  which  depends  upon  the  fact  that  great  amomb 
of  heat  and  light  arc  produced  by  the  colliBion  of  two 
rapidly  moving  heavy  bodies,  or  even  by  the  pafisage  of 
a  heavy  body  like  a  meteorite  through  the  earth's  atmo*- 
pbere.  In  fact,  if  we  had  a  certain  mase  available  with 
which  to  produce  heat  in  the  sun,  and  if  this  mass  were  of 
the  beet  poseible  materials  to  produce  heat  by  boming, 
it  can  be  sliown  that,  by  burning  it  at  the  surface  of  tte 
Bon,  we  should  produce  vastly  lees  heat  than  if  we  simplj 
allowed  it  to  full  into  the  sun.  In  the  last  case,  if  it  fell 
^m  the  earth's  distance,  it  wonld  give  6000  timeemoTe 
heat  than  by  its  burning. 

The  h-a^  velocity  with  which  a  body  from  epace  oouM 
fall  upon  the  sun's  surface  is  in  the  neighborhood  of  880 
milee  in  a  second  of  time,  and  the  velocity  may  be  afi  gnat 
as  350  miles.  From  these  fact£,  the  meteoric  theory  of 
Bolar  heat  originated.  It  is  in  effect  that  the  heat  of  the 
Bun  is  kept  up  by  the  impact  of  meteors  upon  its  surface. 

No  doubt  immense  numbers  of  meteorites  fall  into  the 
eun  daily  and  hourly,  and  to  each  one  of  them  a  certain 
considerable  portion  of  heat  is  doe.  It  is  found  that,  to 
account  for  the  present  amount  of  radiation,  meteorites 
equal  in  mass  to  the  whole  earth  would  have  to  fall  into 
the  sun  every  century.  It  is  extremely  improbable  that  « 
maee  one  tenth  as  large  as  this  is  added  to  the  sun  in  this 
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»y  per  centnry,  if  for  no  other  reafion  because  the  earth 
■elf  and  every  planet  would  receive  far  more  than  its 
feeent  share  of  meteorites,  and  would  itself  become  quite 
Dt  from  this  eanac  alone. 

There  is  still  another  way  of  accounting  for  the  Bun'a 
(mstant  eapply  of  energy,  and  thig  lina  the  advantage  of 
ppealing  to  no  cause  outside  of  the  euu  itself  in  the  ex- 
jlanation.  It  is  by  supposing  the  heat,  liglit,  etc.,  to  be 
enerated  by  a  constant  and  gradual  contraction  of  the 
tmensions  of  the  solar  sphere.  As  the  globe  cools  by 
■diatioD  into  space,  it  must  contract.  In  so  contracting  its 
lltdmate  constituent  parts  are  drawn  nearer  together  by 
beir  mntnal  attraction,  whereby  a  form  of  energy  is  de- 
nloped  which  can  be  transformed  into  heat,  light,  eleo- 
(icity,  or  other  physical  forces. 

This  theory  is  in  complete  agreement  with  the  known 
KWB  of  force.  It  also  admits  of  precise  comparison  with 
IKtB,  since  the  laws  of  heat  enable  us,  from  the  known 
moimt  of  heat  radiated,  to  infer  the  ex  act  ainoimt  of  eon- 
yaction  in  inches  wlu'cii  the  linear  dimensions  of  the  stin 
nnet  undergo  in  order  that  this  supply  of  heat  may  be 
kept  unchanged,  as  it  is  praetieally  found  to  be.  With 
be  present  size  of  the  sun,  it  is  found  that  it  is  only 
beceasary  to  suppose  that  its  diameter  is  diminishing  at  the 
Ikte  of  about  220  feet  per  year,  or  4  miles  per  rentnry, 
En  order  that  the  supply  of  heat  radiated  shall  be  constant. 
It  is  plain  that  siich  a  change  as  this  may  be  taking  place, 
irince  we  poeeees  no  instruments  sufficiently  delicate  to 
^ve  detected  a  change  of  even  ten  times  this  amount 
^nce  the  invention  of  the  telescope. 

It  may  seem  a  paradoxical  conclusion  that  the  cooling 
ti  a  body  may  cause  it  to  become  hotter.  This  iudeed  is 
true  only  when  we  suppose  the  interior  to  be  ga&eous,  and 
BOt  solid  or  liquid.  It  is.  however,  proved  by  theory  that 
tiiis  law  holds  for  gaseous  masses. 

If  a  spherical  mum  of  gas  be  condensed  tii  one  half  the  primitivf 
-       the  central  attraction  upon  an;  part  otita  mau  wlUbei& 
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crraacil  fuurtuki,  while  the  surface  siiUjectn)  to  IhU  sltncUon ' 
be  reduced  to  od«  (ourtli.  Hcoce  the  pressure  per  uoit  ol  «utliic> 
will  be  nugineoted  sixteen  tiroes,  while  the  densi If  wilt  be  iocnwd 
but  eight  times.  If  tbi!  elitatic  and  the  gntvitHiing  furcea  wrtt'rt 
equilibrium  in  thu  ori|{iuBl  C'>nditi»n  u[  the  mites,  the  tempeniuM 
must  be  doubled  in  order  thttt  lliej  muf  still  be  in  equilibrium  wbca 
the  diameter  is  rL-dui-'ed  to  one  hair. 

H.  howerer,  the  primilire  ImhI;  isorij^nallj  solid  or  liquid,  or  If, 
in  the  course  oi  time,  it  liecomen  m>,  then  tbis  inw  ceases  to  huld,  md 
nuliiitiun  uf  heat  produces  n  loweriug  of  the  temperaturi.'  of  tba 
body,  wliii-h  progresaiccly  continues  until  it  is  Gnttlljr  reduced  lu  lb* 
tempcDiturG  of  lunoundiug  ipMi!. 

We  cannot  eay  wbetliertlie  Bun  has  yet  be^n  to  Hqoe^ 
in  Lis  interior  parts,  and  hence  it  is  im|>06»iblo  to  predict 
at  proBent  the  duration  of  hia  constant  radiation.  Thew/ 
ehows  lis  that  after  about  5,000,000  years,  theeun  radiating 
heat  as  at  present,  and  still  remaining  {jaseous,  will  Iw  re- 
(lucoti  to  one  half  of  Ita  present  vohune.  It  seeiiis  prob- 
ablo  that  Boiiicwhcrc  nlx^iit  tliis  time  ttio  eoliiliticition 
will  have  l>egiin,  and  it  is  nnighly  estimatod,  froin  this 
line  of  ar^nient,  tliat  the  present  conditions  of  heat  radi- 
ation cannot  last  greatly  over  10.000,000  years. 

The  futnre  of  tife  snii  (and  hence  uf  the  cartli)  cannot, 
as  we  sec,  be  traced  witli  great  exactitude.  The  past  can 
be  more  closely  foUowctl  if  we  assume  (wltieh  is  toleralily 
safej  that  theaun  up  to  the  present  has  been  agafieoue,  and 
not  a  solid  or  liquid  mass.  Four  hundred  years  ago, 
then,  the  sun  was  about  16  miles  greater  in  diameter 
than  now ;  and  if  we  suppose  this  process  of  «oiitrac- 
tion  to  have  regularly  gone  on  at  tlie  same  rate  (&a 
uncertain  supposition),  we  can  lix  a  date  when  the  snn 
filled  any  given  e|iace,  out  even  to  the  orbit  of  Ni^ 
tune — that  is,  to  the  time  when  the  solar  system  consisted 
of  but  one  body,  and  that  a  gaseous  or  nebulous  one. 
It  will  subsequently  be  seen  tliat  the  ideas  here  reached 
(ipmteriorl  have  a  striking  analogy  to  the  d  priori  ideas 
of  Kant  and  La  Place. 

It  is  not  to  be  taken  for  granted,  however,  that  tlie 
aiuouut  of  heat  to  be  derived  froui  tlw  ooatraotioa  of  Um 
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■m's  dimensions  is  intinite,  no  matter  how  lar^  the  prim- 
tive  dimenBions  may  have  been.  A  body  falling  from 
toy  distance  to  the  sun  can  only  have  a  certain  finite  veloc- 
i^  depending  on  this  distance  and  the  mass  of  the  sun 
itself,  which,  even  if  the  fall  be  from  an  infinite  distance, 
cumot  exceed,  for  the  enn,  350  miles  per  second.  In 
tiie  same  way  the  amonnt  of  heat  generated  by  the  con- 
traction of  the  fiun'e  volume  from  any  size  to  any  other  is 
finite,  and  not  infinite. 

It  baa  been  6bo^vn  that  if  the  sim  has  alwaya  been 
radiating  heat  at  its  present  rate,  and  if  it  had  originally 
filled  all  space,  it  has  required  IS, 000,000  years  to  contract 
to  its  present  volume.  In  other  words,  assuming  the  prea- 
int  rate  of  radiation,  and  taking  the  most  favorable  case, 
the  age  of  the  sun  does  not  exceed  18,000,000  years.  The 
Motli,  ifl  of  conree,  less  aged.  The  supposition  lying  at  the 
a  of  this  estimate  is  that  t)ic  radiation  of  iho  sun  has 
n  constant  throughout  the  whole  period.  This  is  qnito 
unlikely,  and  any  changes  in  this  datum  affect  greatly  the 
final  number  (jf  years  which  we  liave  assigned.  While 
this  number  may  !«  greatly  in  error,  yet  the  method  of 
obtaining  it  eeems,  in  the  present  state  of  science,  to  be 
MtUfactory,  and  the  m^n  conclusion  remains  that  the  past 
of  the  sun  is  tiuile,  and  that  in  all  probability  its  future  is 
a  limited  one.  The  exact  nunitwr  of  centuries  that  it  is  to 
last  are  of  no  moment  even  were  the  datA  at  hand  to  ob- 
tain thi:m  :  the  essential  point  is,  that,  so  far  as  we  can 
eee,  the  sun,  and  incidentally  the  solar  system,  has  a  finite 
past  and  a  limited  future,  and  that,  like  other  natural  ob- ' 
jects,  it  passes  through  its  regular  stages  of  birth,  vigor, 
decay,  and  death,  in  one  order  of  progress. 


CHAPTER    JII. 

TllE  INFERIOR  PZ*AXE 
S   1.    MOTIONS  ASD  ASPECTS. 

Tub  inferior  planets  nrc  lluisc  whose  url>its  lie  I 
tlic  Bun  aiid  tlie  orl>it  of  tliecurth.  Coniiiieitcii^iy 
iinjiw  (lietant  oiieri,  thvy  oiiiitpriee  Vntttji,  Mercury, 
tho  opiniun  of  euitio  ustruiiiiiiKTs,  a  planet  cullml 
cjr  a  gmnp  «f  plinots,  iiisiilu  tlic  orbit  of  Mcrcvrtj.  Tim 
plniKrts  Mi-rtrur^and  F«it«1iiivo  Eitinuch  in  cniiiinon  (hat 
!i  large  part  of  what  wo  have  to  Buy  *if  «ne  <mq  bo  applinl 
t[>  tlic  otiier  with  but  little  modification. 

The  real  Hiiil  apparent  iiioticmft  4if  these  planets  liin 
already  been  brierty  dedcribefl  in  Part  I.,  Cliapt«r  IV.  It 
will  he  roineinbered  that,  in  accordance  with  K>a'LEii"8 
(liirJ  law,  their  periods  of  revohition  around  tlio  eiin  are 
losi*  tliait  tliat  of  tlie  earth.  Coneeqnently  they  overtate 
the  latter  lietween  Biicccesive  inferior  conjnnetions. 

Tlie  interval  Itetwecn  these  conjunctions  is  attont  fov 
Tiiontlm  in  the  case  oi  Mercury,  and  between  nineteen  and 
twenty  months  in  that  of  Vhius.  At  the  end  of  this 
perio-i  each  repeats  tlie  same  Eeries  of  oinLions  relative  to 
the  8nn.  What  these  motions  are  can  I>o  readily  eeen  by 
Gtudying  Fig.  ti4.  In  the  firtit  place,  snppoEe  the  earth, 
at  any  point,  J?,  of  its  orbit,  and  if  we  draw  a  line,  E  L 
or  A' J/,  from  E.  tangent  to  the  orbit  of  either  of  these 
planets,  it  is  evident  that  the  angle  which  this  line  makes 
with  tliat  drawn  to  the  sun  is  the  groatcet  elongation  of 
tl»o  planet  fivni  the  eiin.     Tlie  orbits  being  eccontric,  this 
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ingation  vftriee  with  the  position  of  the  ciirt]!.  In  tlie 
B  of  Mercury  it  ranjies  from  16"  to  29°,  wliile  in  the 
1  of  Venus,  the  orbit  of  which  ia  nearly  circular,  it 
varies  very  little  from 
45",  These  pi  an  eta, 
therefore,  seem  to  have 
an  oeeillatiDg  motion, 
first  Ewinging  toward  tlie 
eaet  of  the  eun,  and  then 
toward  the  west  of  it,  as 
already  explained  in  l*art 
I.,  Chapter  FV.  Since. 
owing  to  the  annual  revo- 
lution of  the  earth,  the 
Ban  has  a  constant  east- 
ward motion  among  the 
btars,  these  planets  must 
(vo,  on  the  whole,  a  corresponding  though  intermittent 
ition  in  the  same  direction.  Therefore  the  ancient 
momers  supposed  their  period  of  revolution  to  be  one 
jjrear,  the  same  as  that  of  tlic  sun. 

[  If,  again,  we  draw  a  line  ES  C  from  the  earth  through 
the  sun,  it  is  evident  that  the  first  point  /,  in  which  this 
line  cut*  the  orMt  of  the  planet,  or  the  point  of  inferior 
conjunction,  \rill  (leaving  eccentricity  out  of  the  quest-ou) 
Ijhe  the  least  distance  of  the  planet  fn>m  the  earth,  while  the 
kcond  point  C,  or  the  point  of 
^perior  conjunction,  on  tlie  op- 
pi^eite  side  of  the  sun,  will  1>e 
iho  greatest  distance.  Owing  to 
the  difference  of  these  distances, 
the  apparent  magnitude  of  theee 
planets,  as  seen  from  the  eartli, 
is  snhject  to  great  variations. 

Fig,  85  shows  th(.«e  variations  in  tliu  ease  of  Mtrcvnj, 
A  representing  its  apparent  magnitude  when  at  its  greatest 
diatance,  B  when  at  it^  moan  distuiico,  ami  6'  when  at  ItA 
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Ictwt  <)iHtanoe.  In  the  caw  uf  Vtnus  (Fig.  S6)  the 
tioM  art!  iiiu('.!i  greater  than  in  tliat  of  Mercury^  tlie 
(M  (liBtance,  1-72,  being  more  than  eix  times  thi 
dUtance,  which  ie  only  0-2S.  The  variations  of  ap] 
inagnituilc  arc  therefore  great  in  the  eanic  pn^purtion. 

Ill  thn«  representing  the  apjmrent  ungalar  niagnitode 
of  theHe  ]ilanet«,  we  suppose  their  whole  disks  to  t>e  visible, 
m  tliey  wonld  be  if  they  ahone  by  their  owni  light.  Bot 
eince  they  can  l>e  seen  only  by  the  reSt>cted  light  of  llie 
Piin,  only  tho«e  portions  of  the  disk  can  be  seen  whi<^  in 
at  the  same  time  visible  from  the  sun  and  from  the  earth. 
A  very  little  consideration  will  slxiw  that  the  proportjon 
of  the  disk  which  con  !«  eeen  constantly  diminiehee  aa  tha 
planet  approachee  the  eartli,  and  looks  larger. 


Via.  86.— APPARBNT 

When  the  planet  is  at  its  greatest  distance,  or  in  superior 
conjunction  (f,  Fig.  84),  its  whole  illuminated  hemisphere 
cjin  be  seen  from  the  earth.  Ae  it  movee  around  and  ip" 
proaclies  the  earth,  the  illunilnate<1  hemisphere  is  gradtuUv 
turned  from  us.  At  the  point  of  greatest  elongation,  V 
or  L.  one  half  the  hemisphere  is  visible,  and  the  planei 
has  the  form  of  tlie  moon  at  first  or  second  quarter.  As 
it  approaches  inferior  conjunction,  the  apparent  visible  disk 
nsBumee  the  form  of  a  crescent,  which  becomes  thinner 
and  thinner  as  the  planet  approaches  the  sun. 

Fig.  87  shows  the  apparent  disk  of  Mercury  at  various 
times  during  its  synodji;  revolution.  The  planet  will  ap- 
pear  brightest  when  this  disk  has  the  greatest  surface. 
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This  occurs  about  half  way  between   greatest  elongation 
id  inferior  conjunction. 

In  consequence  of  the  changes  in  the  brilliancy  of  these 
llanets  produced  by  tlie  varintione  of  distance,  and  those 
trodnccd  by  tlie  variations  in  the  proportion  of  illuminated 
visible  from  the  earth,  partially  compensating- each 
p,  their  actual  brilliancy  is  not  subject  to  such  great 
rariations  as  might  have  been  expected.  Asageneral  rule, 
2£«r<rury  shines  with  a.  light  exceeding  that  of  a  star  of 
the  first  magnitude.  But  owing  to  its  proximity  to  the 
Mm,  it  can  never  be  seen  by  the  naked  eye  excei)t  in  the 
vest  a  short  time  after  sunset,  and  in  the  east  a  little  be- 
fore sunrise.     It  is  then  of  necessity  near  the  horizon,  and 
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therefore  does  uot  seem  so  bright  as  if  it  were  at  a  greater 
altitude.  In  our  latitudes  we  might  almost  say  that  it  Is 
never  visible  except  in  the  ninming  or  evening  twilight. 
In  higher  latitudes,  or  in  regions  wliere  the  air  is  less 
transparent,  it  is  scarcely  ever  visible  without  a  telescope. 
It  IB  Baid  that  Copeeniccb  died  without  ever  obtaining  t, 
view  of  the  planet  Mejviiry.  ^ 

On  the  other  hand,  the  planet  Venue  is,  next  iq  the  eun  J 
and  moon,  the  most  brilliant  object  in  the  heavens.     It  \t 
BO  much  hrighfer  than  any  fixed  star  that  there  can  seldom 
l>e  any  difficulty  Jn  identifying  it.     The  unpractised  ob- 
server might  under  some  circnmstanceB  find  a  difficulty  in. 
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distiDtfUiAhiog  butween  Vt^ium  and  Jupil^r,  but  tbe  di 
ont  luottotifi  of  tlie  twu  planets  will  enable liim  tod 
gvish  them  if  tliey  are  watclmil-  from  nigbt  to  nighl 
ing  several  weeks. 

^  a.    ASPECT   A^TD  BOTATIOI7   OF  Bf£BCnBT.| 

The  various  phases  of  Mercury,  as  dependent  npon  iti ' 
various  positions  relative  to  the  sun,  Lave  alreadv  been 
shown.  If  the  planet  were  an  opaque  sphere,  without  in- 
equalities and  witlioiit  an  atmosphere,  the  apiiareiit  diak 
Would  always  be  bounded  by  a  oircle  on  one  side  and  an 
ellipse  on  the  other,  as  represenleiJ  in  the  figure. 
Whetlier  any  variation  from  tliis  simple  and  perfect  fonn 
lias  evur  been  detected  is  an  open  question,  the  balance  of 
evidence  being  very  strongly  in  the  negative.  Since  no 
spotB  are  visible  upon  it,  it  would  follow  tliat  unless  vari- 
ationg  of  form  due  to  inequalities  on  its  surface,  sutli  ai 
mountaius,  can  be  detected,  It  is  impossible  to  determine 
whether  the  planet  rotates  on  its  axis.  The  only  evidence 
in  favor  of  audi  rotation  is  that  of  Scdkoter,  the  eelebreied 
astronomer  of  Lilientlial,  who  made  the  telescopic  Btadv 
of  the  moon  and  planets  his  principal  work.  Abont  tlie 
beginning  of  the  pi-esent  century  he  noticed  that  at  eerUJn 
times  the  south  horn  of  the  crescent  of  Mercury  seemed 
to  be  blunted.  Attributing  this  appearance  to  the  shadow 
of  a  lofty  mountain,  he  concluded  that  the  planet  Mervury 
revolved  on  its  axis  in  a  little  more  than  24  hours.  Bnt 
this  planet  haA  since  been  studied  with  instruments  much 
more  powerful  than  those  of  Schroter,  and  no  oonfirma- 
tion  of  his  results  has  Ijeen  obtaine<l.  We  must  therefore 
conclude  tliat  the  period  of  rotation  of  Merci/r;/  on  its 
Itxis  is  entirely  unknown. 

Eespecting  an  atmospliere  of  Mercury,  the  evidence  is 
also  conflicting.  The  speclnim  of  this  planet  has  been 
studied  by  Dr.  Vogel,  now  astronomer  at  the  Phvsical 
Observatory  of  Potsdam,  who  finds  that  ita  prineii 
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lincide  witli  those  of  the  Bun.  Of  course  we  Bboiild 
ixpect  this  because  tlic  planet  shines  by  reflected  solar 
(ght.  Biit  he  also  finds  that  certain  lines  are  seen  in  the 
tpectrum  of  Mercury  which  we  know  to  l>e  due  to  the  ab- 
lOrption  of  the  earth's  atmosphere,  and  which  appear 
more  <leiit-e  than  they  should  from  t)ie  simplu  passage 
through  our  atmosphere.  This  would  seem  to  show  that 
I  J^CTn/ry  lias  an  envelope  of  gaseous  matter  somewhat  like 
'  <mr  own.  On  the  other  hand,  Dr.  Zollner,  of  Leipeic, 
by  measuring  the  amount  of  light  reflected  by  the  planet 
■i  various  times,  concludes  that  Mercury,  like  our  moon, 
18  devoid  of  any  atmosphere  sufficient  to  reHect  the  light 
of  the  sun.  "We  may  therefore  regard  it  as  doubtful  , 
irhether  any  evidence  of  an  atmosphere  of  Mercury  can 
be  obtained,  and  it  is  certain  that  we  know  nothing  defi- 
nite respecting  its  physical  constitution. 
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As  Vtnua  sometimes  comes  nearer  the  earth  flian  any 
other  primary  planet,  astronomers  have  examined  its  s 
face  with  great  interest  ever  since  the  invention  of  the 
telescope.  But  no  conclusive  evidence  respecting  the  ro- 
tation of  the  planet  and  no  proof  of  any  changes  or  any 
inequalities  on  its  surface  have  ever  been  obtained.  Tha 
obeervations  are  either  very  discordant,  or  bo  difficult 
ftod  unreliable  that  we  may  readily  suppose  the  ob- 
lervers  to  have  been  misled  as  to  what  they  saw.  In  1767 
Cassini  thought  he  saw  a  bright  spot  on  Venus  during 
teveral  successive  evenings,  and  concluded,  from  his  sup- 
posed observation  that  the  planet  revolved  on  its  axis  in  a 
Uttle  more  than  i!3  hours.  The  subject  was  next  taken  up 
by  Blanciiini,  an  Italian  astronomer,  who  supposed  that 
be  saw  a  number  of  dark  regions  on  the  planet.  These  he 
considered  to  be  seas  or  oceans,  and  he  went  so  far  as  to  i 
give  them  names.     Watching  them  from   night  to  night,  | 
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ho  coDcludeil  Iliat  the  time  of  rotation  uf  Vimu^  wa£  mare  , 
than  24  liays.  Again,  Schbotke  thought  thjit,  when  T^- 
niM  wafl  a  crescent,  one  of  its  sUarp  poiiite  wae  tiluDte<l 
ftt  certain  intervals,  ae  in  the  case  of  Mercury,  lie  fonned 
the  same  theory  of  the  cause  of  tiiia  uppcarant*;— namely, 
tliat  it  was  dnelothe  sliailuw  of  a  high  laoiiiiUin.  Heeon- 
clnded  that  the  tinic  of  rotation  found  hy  Cassim  was  neu- 
\y  correct.  Finally,  in  1842,  De  Vico,  of  Rome,  Uiought 
he  could  see  the  same  dark  regions  or  oceans  on  ihcpknei 
which  liad  been  seen  by  Blanchini.  He  concluded  that  the 
true  time  of  notation  was  23''  21"'  22*.  This  result  has  gone 
into  many  of  our  text-books  asconclnsive,  bnt  it  isconlra- 
dieted  by  the  investigation  of  many  excellent  ohserFCB 
with  much  better  instruments.  TIerschel  wob  never  able  to 
see  any  pennanent  markings  on  Venus.  If  he  ever  c:i.iiglit 
a  glimpse  of  spots,  they  were  eo  transient  that  hcconid 
gather  no  evidence  respecting  the  rotation  of  the  planet. 
He  therefore  concluded  that  if  they  really  existed,  they 
were  due  entirely  to  cloude  iloating  in  an  atmosphere,  and 
that  no  time  of  rotation  coutd  be  deduced  by  observing 
them.  This  view  of  Herscubx,  so  far  as  concerns  tlie 
HBiject  of  the  plaiiet,  iscontinned  by  a  study  with  the  most 
powerful  telescopes  in  recent  times.  With  the  grwl 
Washington  telescope,  no  permanent  dark  spot£  and  no 
regular  blunting  of  either  horn  Las  ever  been  observed. 

It  may  seem  curious  that  skilled  observers  could  have 
been  deceived  as  to  what  they  saw  ;  but  we  must  remem- 
ber that  there  are  many  celefitial  phenomena  whicli  are  ex- 
tremely difficult  to  make  out.  By  looking  at  a  drawing 
of  a  planet  or  nebula,  and  seeing  how  plain  every  thing 
seems  in  the  picture,  we  may  be  entirely  deceived  as  to  the 
actual  aspect  ivith  a  telescope.  Under  the  circumstances,  if 
the  observer  has  any  preconceived  theory,  it  is  very  easy 
for  him  to  think  he  sees  every  thing  in  accordance  with 
that  theory.  Now.  there  are  at  all  times  great  differenc«3 
in  the  brilliancy  of  the  different  parts  of  the  disk  of  Vi^nut 
It   is   brightest   near  the   round   odgc  which    is 
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toward  the  sun.  Over  a  email  space  the  brightnesB  is  suuh. 
that  some  recent  obeervers  have  fonned  a  theory  that  the. 
Kan's  light  is  reflected  aa  from  a  mirror.  On  the  other 
iiand,  uear  the  bouiidarjj  between  light  anil  darkness,  the 
ftartace  is  much  darker.  Moreover,  owing  to  the  undu- 
lations of  our  atinoBi)here,  the  aspect  of  any  planet  bo  small 
and  bright  as  Vetiujt  is  constantly  changing.  The  only 
way  to  reach  any  certain  concIuBion  respecting  its  ap- 
pearance is  to  take  an  average,  aa  it  were,  of  the  appear- 
ances as  modified  by  the  undulations.  In  taking  this  aver- 
age, it  is  very  easy  to  imagine  variations  of  liglit  and  dark- 
'.  which  have  no  real  existence  ;  it  is  not,  therefore,  sur- 
prieing  that  one  astronomer  should  follow  in  the  footsteps 
of  another  in  seeing  imaginary  markings. 

Atmosphere  ofVentu. — The  evidence  of  an  atmosphere 
of  rV«u*  is  ]>erhaps  more  conclusive  than  in  the  case  of 
any  other  planet.  When  Vetius  is  observed  very  near 
its  inferior  conjunction,  and  when  it  therefore  presents  the 
riew  of  a  very  thin  crescent,  it  is  found  that  this  crescent 
extends  over  more  than  180°.  This  would  be  evidently 
impoeaible  unless  the  sun  illuminated  more  than  one  half 
the  plancL  One  of  the  most  fortunate  obser^'ers  of  this 
phenomenon  was  Professor  C.  S.  Lvmas,  of  Yale  College, 
who  observed  Ve/ius  in  December,  186(i.  The  inferior 
conjnnction  of  the  planet  occurred  near  the  ascending 
node,  so  that  its  sngular  distance  from  the  sun  was  leaa 
than  it  had  been  at  any  former  time  during  the  present  cen- 
tury. Professor  Lyman  saw  the  disk,  not  as  a  thin  cres- 
cent, hut  as  an  entire  and  extremely  fine  circle  of  light 
TFe  therefore  conclude  that  Venua  has  an  atmosphere 
which  exercises  so  powerful  a  refractiou  upon  the  light  of 
the  enn  that  the  latter  illuminates  several  degrees  more 
than  one  half  the  globe.  A  phenomenon  which  must  b» 
attributed  to  the  same  cause  haa  several  times  been  ob- 
served during  transits  of  Venus.  During  the  transit  of 
December  8th,  1874,  most  of  the  observers  who  enjoyed, 
a  fine  steady  atmosphere  saw  that  when  Vewui  waa  'jm- 


I 
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tiftllv  p<ojected  on  the  enn,  the  outline  of  that  pan  of  t 
disk  outside  the  eun  fotiW  be  distinguislicd  by  a  deliott 
tine  of  light.  A  similar  appearance  was  noticed  bj  Dato 
RriTKN HOUSE,  of  Philadelphia,  on  June  3d,  1700,  From 
theee  eeveral  obeervatiuns,  it  would  seem  that  the  refractive 
power  of  the  atmosphere  of  Yenva  is  greater  than  thai  of 
the  earth.  Attempts  liave  been  made  to  determine  its  ex- 
act amoont,  but  they  arc  too  uncertain  to  be  worth_y  of 
quotation. 

S  4.    TEAMSITB  OF  MEBCDBT  AWX>  VENUS. 

Wlien  Merciirt/  or  Vrytu^  posses  between  the  earlh  and 
ann,  bo  as  to  appear  projected  on  the  sun's  disk,  the  phe- 
nomenon is  called  a  transit.  If  these  plancte  moved  aronnd 
the  enn  in  the  plane  of  the  eeliptic,  it  is  evident  that 
there  wonid  be  a  transit  at  every  inferior  conjunction.  Bnl 
since  their  orbits  are  in  reality  inclined  to  tlie  ecliptic, 
tnuisits  can  occur  only  when  the  inferior  conjunction  takes 
place  near  the  node.  In  order  that  there  may  be  a  transit. 
the  latitude  of  the  planet,  as  seen  from  tne  earth,  mnet 
be  leas  than  the  angular  semi-diameter  of  the  sun — that  is. 
less  than  16'.* 

The  longitude  of  the  descending  node  of  Mercury  at  the 
present  time  is  227°,  and  therefore  that  of  the  asceTtdiiig 
node  +7".  The  earth  has  tliese  longitudes  on  May  7th  and 
November  9th.  Since  a  transit  can  occiu-  only  within  a 
few  degrees  of  a  node,  Mercury  can  transit  only  witlun  a 
few  days  of  these  epochs. 

The  longitude  of  the  descending  node  of  Fi?n«»  is  now 

*  The  matbemalical  student,  knowing  thai  the  iDclLnMion  of  the  orbit 
of  Mmurg  is  7°  0'  and  that  of  Yetma  S"  34',  will  find  it  an  interestiag 
problem  to  calculate  Ibe  limits  of  distance  froia  the  node  witbio  whicb  In- 
ferior conjunction  must  take  place  in  order  that  a  traaait  maj  occur. 
From  the  eeocenlric  latitude  16'  the  heliocentric  tatitode  may  be  fuund 
by  multiplying  by  the  distance  from  the  earth  and  diridiug  by  that  from 
the  Bun.  He  will  find  iliese  limits  to  be  n  little  greater  (or  Memirt 
than  for  Veaur.  notwithstanding  Its  greater  inclination,  and  to  be  onlj' 
a  few  degrees  in  either  cnse. 
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abont  256°,  and  llerefore  that  of  the  aspending  node  ie 
?6°.  The  e^rth  bae  these  longitudes  oit  June  6tli  and  De- 
cember 7tb  of  eatfh  year.  Transits  of  Venun  can  there- 
fore occur  only  within  two  or  three  days  of  these  times. 

Bocurrence  of  Transits  of  Mercury.— The  tranaits  of  Maf~ 
euty  and  Vdi'in  recur  in  cycles  which  reBemble  the  eighteen- 
vesr  c;cle  of  ectipBes,  but  in  which  the  prccisiun  of  the  rfciirrence 
IS  iMS  atrikiog.  From  the  meao  motions  of  Mavury  nnd  the  catth 
already  given,  we  find  that  the  mean  synodic  period  of  Mrreury  is, 
in  decimals  of  a  Julian  year,  0''3173Q6.  Three  sfuodic  periods  are 
therefore  some  elght^ea  days  less  than  a  year.  If,  then,  we  suppose 
an  inferior  conjunction  of  Mereury  to  occur  exactly  at  a  node,  the 
third  conjunction  following  will  take  place  about  eighteen  daja 
before  the  earth  again  reaches  the  node,  and  therefore  about  18° 
from  the  nude,  since  the  earth  moves  nearly  1°  in  a  day.  This  is 
fftT  outside  thu  limit  of  a  transit ;  we  must,  therefore,  wait  until 
another  conjunction  occurs  near  the  same  place.  To  find  when 
this  will  be,  the  successive  vulgar  fractions  which  converge  toward 
the  value  of  the  above  period  may  be  found  by  the  method  of  con- 
tinued fractions.     The  tirst  five  of  these  frtictions  are  ; 

i      A       -■',-      if      T<A 

Here  the  denominators  am  numbers  of  synodic  periods,  while  th«   I 
numerators  are  the  approximate  corresponding  number  of  yean. 

By  actual  mulliplicalton  we  find  : 


I 


3  Periix 

»=    O'-051788=     l'-.0482y2 

Ern 

r-  -  17' 

D       ■■ 

=      60378M=     0 +.027804. 

=  +  10' 

cS      " 

=     0-»71MJ33=     7 -.020368. 

-    V 

11       ■■ 

=   13-0O740I3  -   13+-0O7Wn. 

=  +    2- 

u    •■ 

=   4fl.00ai20=    48+002120. 

=  +    0° 

In  this  table  the  errors  show  the  number  of  degrees  from  tha 
node  at  which  the  inferior  conjunction  will  occur  at  the  end  of  ona 
fear,  six  years,  seven  years,  elc.  They  are  found  by  multiplying 
the  traction  by  which  the  intervals  exceed  or  fall  short  of  an  entira 
number  of  years  by  860°.  It  wilt  be  seen  that  the  19th,  22d,  4lBt, 
and  I45th  conjunctions  occur  nearer  and  nearer  the  node,  or,  sup* 
posing  that  we  do  not  etart  from  a  node,  nearer  and  neater  the  point 
of  the  orbits  from  which  we  do  start.  It  follows  that  the  recur- 
rence of  a  transit  of  Merwry  at  the  same  node  is  possible  at  the 
end  of  7  years,  probable  at  the  end  of  13  years,  and  almost  certain 
at  the  end  of  48  years.  The  latter  is  the  cycle  which  it  would  be 
most  convenient  to  take  ss  that  in  which  all  the  transits  woi 
recur,  but  it  would  still  not  be  so  exact  ss  the  eclipse  cycle  of  16  | 
jtax%  11  days. 
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The  (ollawiog  Ubie  ibows  the  d&tea  of  occurrence  of  tmuduot 
Menvry  duriDa  tbe  present  centurj.  They  &re  separated  inln  Vi; 
iraoRiu,  whien  occur  near  the  descending  ni>de.  and  SOTeBber 
ODM,  which  occur  near  the  ascending  node.  November  iransiu  m 
tbe  most  niunerous.  because  Merenry  is  tbi^D  nearer  Ihe  Via.  ud 
tbe  tmnsit  iiutits  are  wider. 


1TV9.  Ma?  S. 
1833.  Mbt  5. 
\Un.  Ma;  8. 
I8T«.  Ma;  6. 
1891,  Ma;  B. 


180S 

Not 

«. 

1815 

Nov 

11. 

isja 

Nov 

5. 

1635 

Nov 

J 

1848 

Sov 

10.         1 

1801. 

Sov 

1!.          1 

Mm. 

Nov. 

5.             1 

1881 

Nov 

7_ 

1894. 

Nov 

10, 

there 

are  two  May  tnui 

^^^^  It  will  be  seen  thai  in  a  cycle  of  40  years  there  a 

I         alt*  and  four  November  ones,  so  that  the  latter  a 

I  merous  as  the  former.  These  numl>ers  may.  however,  change  sligbtl; 

Bt  some  future  time  through  the  fiiilure  uf  a  rFCurrence,  or  the  eo- 

I  trance  of  a  new  transit  into  the  scriL-a.     Thus,  in  the  May  seiice,  it 

is  doubtful  whether  ihere  will  be  an  nclual  transit  4G  vcan  «R«r 

I  1691-  that  is,  in  1037— or  whether  Jftrrurywill  only  pjss' very  near 

the  lirab  of  tbe  sun.    On  the  other  hnnd.  Meratnj  [laasca  within  a  f«* 

minutes  of  tlie  sun's  limb  on  May  3d,   18415.  utid  it  will  probaJ>ly 

I  graze  tlie  limb  40  years  Utcr— thut  is.  on  May  4th  or  5th,  ItJII. 

Becurreno^  6t  Transits  of  Veaus.  — Fur  many  cencurici 
past  and  to  come,  transits  of  Venutocrnr  in  a  cyele  more  exact  thin 
those  of  Mfirnry.  It  happens  that  eight  times  the  mean  motion  of 
Vmut  is  very  netirly  the  same  as  thirteen  times  the  ine.io  motion 
of  the  eorth  ;  in  other  word*,  Pmw 
I  makes  13  revolutions  around  tbe 
n  nearly  the  same  time  thai 
I  the  eortb  makes  8  revolutions- 
is,  in  eight  years.  During 
this  period  there  will  be  5  inferior 
I  conjunctions  of  Venua,  because  the 
hitter  has  made  5  revolutions  morv 
I  than  the  earth.  Consequently,  if 
lit  eight  years  from  an  inferior 
I  conjunction  of  Veniu,  wc  shall,  al 
the  end  of  that  time,  have  another 
inferior  conjunction,  the  fifth  in 
regular  order,  at  nearly  tbe  same 
pomt  of  the  two  orbits.  It  wilt, 
therefore,  occur  at  the  same  time 
of  the  year,  and  in  nearlv  the  same 
pMition  relative  to  tbe  node  of  Venut.  In  Fig.  88  let  S  represent 
the  sun,  nnd  the  drcle  drawn  around  it  the  orbit  of  the  earth. 
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Suppose  nlsn  that  at  the  moment  of  the  inferior  conjunrtion  of 
Ven'm.  we  drnw  a  straight  line  .S 1  through  Ve^ue  to  the  earth  at  1. 
We  shall  then  have  to  wait  about  1|  years  for  another  inferior  con- 
junction, during  which  timf  the  earth  nill  have  made  one  rcvolu- 
non  and  }  of  another,  and  Vmuii  3f  revolutions.  The  straight  line 
dr&wn  through  the  point  of  inferior  conjunetion  will  then  be  St. 
The  third  conjunction  will  in  the  same  way  take  place  in  the  posi- 
tion S  3,  which  is  14  revolutions  further  advanced  ;  the  foiirlli  in 
tbe  position  S  4,  and  the  fifth  in  the  position  S  5.  If  the  corre- 
tpondence  of  tbe  motions  were  exact,  the  sixth  conjunction,  nt  the 
end  of  8  years  IS  x  If  =  8),  would  again  take  place  in  the  original 
position  S  1,  and  alt  subsequent  ones  would  follow  in  Ihe  same 
order.  All  inferior  conjunctions  would  then  take  place  at  one  of 
theae  five  points,  and  no  transit  would  ever  be  possible  unless  one 
of  these  points  should  chance  to  be  very  near  the  line  of  nodes. 

In  fact,  however,  the  correspondence  is  not  perfectly  exact,  but, 
■t  tbe  end  i>t  6  years,  the  sixth  conjunction  will  take  place  not 
exactly  along  the  line  SI,  but  a  little  before  the  two  bodies  reach 
this  line.  The  actual  angle  between  the  line  Si  and  that  of  the 
.dxth  conjunction  wilt  be  about  2°  22',  the  point  shifting  back  tn- 
vard  the  direction  84.  Of  course,  each  following  conjunction  will 
take  place  at  the  same  distance  back  from  that  of  eight  years  Iwfore, 
loving  out.  small  changes  due  to  the  eccentricities  of  the  orbits  and 
tiia  variations  of  their  elements.  It  follows  tlien  that  if  we  supposs 
the  five  lines  of  conjunction  to  have  a  retrograde  motion  in  % 
direction  the  opposite  of  that  of  the  arrow,  amounting  to  3°  88'  in 
eight  years,  all  the  Inferior  conjunctions  will  take  place  along  these 
Itb  lines.  The  distance  apart  of  the  lines  being  72°  nnd  the 
iDOtion  about  18'  per  year,  the  intervals  between  the  passHges  of 
the  several  conjunction  lines  over  the  line  of  nodes  will  be  about 
MO  years.      Really,  the  exact  time  is  243  years. 

Suppose,  now,  that  a  conjunction  should  take  place  exactly  at  a 
node,  then  the  fifth  following  conjunction  would  take  place 
4*  22'  before  reaching  the  node.  The  limits  within  which  a  transit 
can  occur  arc,  however,  only  1°  46'  on  each  side  of  the  node  ;  con- 
sequently, there  would  be  no  further  transit  at  that  node  until  the 
next  followingconjunctionpoint  reached  it,  which  would happenat 
the  end  of  243  vears.  If,  however,  the  conjunction  should  take  place 
between  0°  36'"and  1°  48'  after  reoching  the  node,  there  would  be  a 
Transit,  and  the  fifth  following  conjunction  would  also  occur  within 
the  limit  on  the  other  side  of  the  node,  so  that  we  should  have  two 
transits  eight  years  apart.  We  may,  therefore,  have  either  one 
transit  or  two  according  to  the  distance  from  the  node  at  which  the 
firat  transit  occurs.  We  thus  have  at  any  one  node  either  a  single 
lranBit,orai>eir  of  transits  eight  years  apart,  in  a  cycle  of  24S  yeaia. 
At  the  midale  of  this  cycle  the  node  will  he  half  way  between  two 
of  the  conjunction  points— the  points  I  and  3,  for  instance  ;  but  it  is 
evident  that  in  this  case  the  opposite  node  will  coincide  with  the 
conjunction  point  3,  since  there  is  an  odd  number  of  such  points. 
It  follows,  therefore,  that  about  the  middle  of  the  interval  between 
two  consecurive  sets  of  transits  at  one  node  we  nhnU  have  a  transit 
or  a  pair  of  transits  at  the  npT>osite  node. 
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The  duih  pu*«i  tlirough  the  line  of  the  descending  node  ot  Iht 
orhit  of  I'tuH*  ekrif  in  June  of  earh  jtar,  and  through  the  BKcndiu 
node  rttly  in  December.  It  tollowa,  theretore,  lluil  llie  series  w«I 
boBtnnsitorannir  of  tranntdin  Jun«  :  then  An  interval  of  shout  ISO 
Jean,  to  be  followed  hy  a  It&osit  or  n  pair  of  transits  in  DeiTDibn, 
and  80  on.  Owing  to  the  eccentricity  of  the  orbits,  the  ialemb 
will  not  be  exactly  equal,  the  motions  of  the  several  conjunctidg 
points  not  being  uniform,  nor  their  distajice  eiactlf  73  .  The 
dates  and  intervals  of  the  tranitta  for  three  cycles  r  -  -  -  -^- 
prescnt  time  are  as  follows  : 


iniS,  June  a.  I76t,  Jiin<.-S.  2004,  Jni 

\iS«.  JaDi>  1.  ITSO,  June  8.  2012.  Juc 

1931.  Dec  7.  1974.  Dec.  0.  SI17,  Ue> 


3  yeti*. 


Ifiao.  Dec.  ■ 


Iftsa.  D«.  6.  3125,  Dm,  8. 


121  i 


The  243-.vcar  cjcle  is  so  exact  thut  tht  iiclual  deviatiooa  from  it 
tire  due  almost  entirely  to  the  secular  variation  ot  the  orbiuof 
Vettvi  and  the  Earth,  Horeover,  the  conjunction  of  December  Slh, 
1874,  took  place  1*  !S'  past  the  ascending  node,  so  that  the  cnn- 
juuction  of  1882  takes  place  about  V  4'  before  reaching  the  Dodc 
Owing  to  the  near  approach  of  the  period  to  exactness,  several  pun 
of  transits  near  this  node  have  taken  place  in  Ihc  past,  tit  equal  in- 
tervals of  24a  years,  and  will  be  repeated  for  three  or  four  cycle*  in 
th«  future. 

Nearly  the  same  remark  applies  to  tliose  which  take  plaM  at  tlie 
deecending  node,  where  pairs  of  transits  eight  yeara  npart  vill 
occur  for  about  three  cycles  in  the  future.  Owing,  however,  W 
secular  variations  of  the  orbil,  the  conjunction  point  forihe  tecond 
June  transit  of  each  pair  and  tlie  Gxsl  December  transit  wilt,  aftvr 
pirhaps  a  thousand  years,  take  place  so  far  from  the  node  that  ihe 
planet  will  not  quite  touch  the  sun.  and  then  during  n  period  ol 
many  centuries  there  will  only  bi^  one  tmnsic  at  eacli  node  ^ 
every  243  years,  instead  of  two,  as  at  present.  J 


g  8.    BTIPP03BD  IHTBAKEBCUBIAI.  PLAITETa.  ^ 

Some  astroiioiners  are  of  opinion  that  there  is  a  emal! 
planet  or  a  group  of  planets  revolving  around  tlie  sun 
inside  the  orbit  of  Mi-rcury.  To  this  supposed  planet  the 
name  Vnlean  lias  been  given  ;  but  astronomers  generally 
discredit  the  existence  of  siioh  a  planet  of  considerable 
size,  becanse  the  evidence  in  its  favor  is  not  regardedJ^ 
uoncltiBive. 
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The  evideuL-e  in  favor  of 
irided  into  lliree  dBsses,  as 

^1)  A  motion  of  the  perihelion  of  the  orbit  of  Merenry^  BUfposed 
I  be  due  to  tht  ftltrnction  of  such  ii  planet  or  group  of  planets. 
(8)  Transits  of  dark  bodies  across  the  disk  of  the  mix  which  have 
supposed  to  l>c  seen  by  various  observers  during  the  past  cen- 

(8)  The  observation  of  certain  unidentified  objects  by  ProfcfBor 
'*T«o»  and  Mr.  Lewis  Swift  during  the  total  eclipse  of  the  sun, 
dy  29th.  1878. 

(1)  In  1858,  Le  Vebkier  made  a  careful  collection  of  all  the  obser- 
itionson  the  transita  of  Meivuri/  which  hud  been  recorded  i ' 
Tmtion  of  the  telescope.  The  result  of  that  investigation  waa 
at  the  observed  times  of  transit  could  not  be  reconciled  wiLh  the 
Iculated  motion  of  the  planet,  as  due  to  the  gravitation  of  the 
tber  boules  of  the  aolar  system.  Ho  found,  however,  that  if,  in 
Sdition  to  the  changes  of  the  orbit  due  to  the  attraction  of  the 
tber  planets,  he  supposed  a  motion  of  the  perihelion  amounting  to 
"  in  a  century,  the  observations  could  all  be  satUlied.  Such 
mulion  might  be  produced  by  the  attraction  of  an  unknown 
inet  inside  the  orbit  of  Mermtry.  Since,  however,  a  single 
wet,  in  order  to  produce  this  effect,  would  have  to  bo  of  consid- 
ablo  dze,  and  since  no  such  object  had  ever  been  observed  during 
total  eclipse  of  the  aun,  he  concluded  that  there  was  probably  a 
roup  of  planets  much  too  small  to  be  separately  distmguished. 
0  tar  OS  the  discrepancy  between  theory  and  observation  is  con- 
erned,  these  results  of  Le  Vbhrier's  have  been  completely  eon- 
nncd  by  the  mathematical  researches  of  Mr.  G.  W.  Hill,  and  by 
bservations  of  transits  since  Le  Verkieh's  calculations  were  com- 
leted.  Indeed,  the  result  of  these  researches  and  observations  ia 
rat  the  motion  of  the  perihelion  is  even  greater  than  that  found 
f  Lb  Vkrrikr,  the  surplus  motion  being  more  than  40"  in  a  cen- 
Mij.  There  is  no  known  way  of  accounting  for  this  motion  in 
ccnrdance  with  well-established  laws,  except  by  supposing  matter 
m  »ome  sort  to  be  revolving  around  the  sun  in  the  supposed  posi- 
Hon.  At  the  same  time  it  is  always  possible  that  the  effect  may 
be  produced  by  some  unknown  cause.* 
(S)  Astronomical  records  contain  upward  of  twenty  instances 
which  dark  bodies  have  been  supposed  to  bo  seen  in  transit 
TOSS  the  disk  of  the  aun.  If  we  suppose  these  observations  to  be 
I  perfectly  correct,  the  existence  of  a  great  number  of  considerable 

K,nrla  within  the  orbit  of  Merc^iry  would  be  placed  beyond  doubt 
t  a  critical  analysis  shows  that  these  observations,  considered  as  a 
aas,  are  not  entitled  to  the  slightest  credence.     In  the  Srst  place, 

*  An  electro- dynamic  tlieory  of  attraclion  has  been  within  the  past 
twenty  years  sugicesKd  by  several  German  physicists,  which  involves 
Ismail  variation  from  the  ordinary  theory  of  gravilation.  It  has  lieen 
iiDwn  that,  by  suppo^ng  this  (beorv  Irue,  the  moiion  of  the  perihelion 
tf  Mereury  could  be  accouoled  for  by  the  attractloa  ol  the  vsck. 
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■carrely  nny  at  tliem  trere  mide  b;  expericncpd  obtirrvifra  witb 
powerful  tnstrumi-nta.  It  is  very  cm;  for  »n  uopractised  obsenei 
to  mbtaks  a  round  solsr  tipnt  for  a  planet  in  IransiL  It  miy  ibere- 
fore  be  sujiposrd  thnt  in  many  rases  the  observer  saw  notliing  Iml 
a  apol  on  the  sun.  In  fact,  the  very  last  instance  of  the  kind  on 
r«coril  was  an  nbservation  by  Wbbgr  at  Peckcloh,  on  April  4th. 
19TS.  tie  imblUhcd  an  account  of  hii  observation,  whicli  be  «up- 
pond  vraa  lliat  of  a  ulanet.  but  whpo  the  publication  reat^hed  othet 
obMrvers.  wlio  liail  ue^n  cxaiDining  the  sua  at  the  same  time,  h 
wiu  thown  conrlu»ively  that  what  he  saw  was  nothinft  more  tbal 
an  unuHually  roiinii  solar  spot.  Again,  in  must  of  the  casw  refcmd 
to,  tliE  object  >een  was  describecl  as  of  Euch  mncntlude  that  il 
could  not  fail  to  have  been  noticed  during  total  ectiuses  if  it  bad 
any  rt-al  existence.  It  ia  also  to  be  noted  that  if  mrh  planets  h- 
iated  they  would  frequently  pass  over  Ihe  diak  of  the  sun.  Du^ 
ing  the  past  fifty  years  the  sun  has  been  observed  almost  every 
day  with  the  greatest  assiduity  by  eminent  observers,  nmied  witb 
powerful  instruments,  who  have  made  the  study  of  the  sun's  sur- 
face and  spots  the  principal  work  of  their  lives.  None  of  thc» 
observers  has  ever  recordea  Ihe  transit  of  an  unknown  plancl.  Thii 
evidence,  though  negative  in  form,  is,  under  Ihe  eireumslances.  cun- 
cluiive  a^inat  tha  existence  of  such  a  planet  of  such  magnitudi 
tu  to  be  visible  in  transit  with  ordinary  instruments 

(31  The  observations  of  ProfeMor  Watsun  during  the  tntil 
eclipse  above  mentioned  seem  to  afford  the  strongest  evidence  Tel 
obtained  in  favor  of  the  real  existence  of  the  planet.  His  mode  u' 
proceeding  was  briefly  this  :  Sweeping  to  the  west  of  ibe  tui 
during  the  eclipse,  he  saw  two  objects  tn  posirions  where,  suppot- 
in^  the  pointing  of  his  teleacopu  oreurately  known,  no  6xe<!  ttir 
existed.  There  is.  however,  a  pair  of  known  stars,  one  of  whieli  it 
about  a  degree  distant  from  one  of  Ihe  unknown  objects,  and  llii' 
other  about  the  same  distance  and  direction  from  the  second.  It 
is  considered  bv  some  that  Professor  Watbom'b  supposed  plineU 
iniiy  have  been  this  pair  of  stars,  t^till,  if  Professor  Watw^'s 
planets  were  capabli;  of  producing  the  motion  of  the  perihelion  of 
Mereurff  already  referred  to,  we  should  reguid  their  existence  m 
placed  beyond  reasonable  doubt.  But  his  obscrvalious  and  Iha 
theoretical  results  of  Lb  Verhzer  do  not  in  any  manner  slrengtbi'ii 
each  otber,  because,  if  w«  suppose  the  olMcrvcd  perturbations  in 
the  orbit  of  Mercury  to  be  due  to  planets  so  small  as  thooe  seen  I9 
Watbom.  the  number  of  these  planets  must  be  mmoy  thousandli 
Now,  it  is  very  certain  that  tliere  are  not  thousands  of  plaDClS 
there  brighter  than  the  sixth  magnitude,  because  they  would  have 
been  siten  by  other  telescopes  engaged  in  the  same  search.  Th» 
smaller  we  suppose  the  individual  planets,  the  more  numerous  they 
must  be,  and.  liually,  if  we  consider  them  as  individually  invisible, 
thev  will  probably  be  numlwred  by  lens  of  thousands.  The  smaller 
and  mOrc  numerous  lliey  are,  supposing  their  combined  nuus  the 
aamo,  the  gruater  the  sum  total  of  light  they  would  reflect.  AH 
certain  point  the  umount  of  tight  would  ttecomc  so  conaidenibir 
that  the  group  would  appear  as  a  eloud-liko  mass.     Now.  Ihcrr  ii 
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a  phenomenon  known  as  the  zodiacal  light,  which  is  probably  caused 
bj  matter  either  in  a  gaseous  state  or  composed  of  small  particles  re- 
volving around  the  sun  at  various  distances  from  it.  This  light 
can  be  seen  rising  like  a  pillar  from  the  western  horizon  on  any 
'Viery  clear  night  m  the  winter  or  spriug.  Of  its  nature  scarcely 
•Dj  thing  is  yet  known.  The  spectroscopic  observations  of  Pro- 
fcMor  Wright,  of  Tale  College,  seem  to  indicate  that  it  is  seen  by 
VBflected  sunlight.  Very  dinerent  views,  however,  have  obtained 
raspecting  its  constitution,  and  even  ita  position,  some  having  held 
that  it  is  a  ring  surrounding  the  earth.  We  can  therefore  merely 
■Dgsest  the  possibility  that  the  observed  motion  of  the  perihelion 
dTSknwry  is  produced  by  the  attraction  of  this  mass. 


CHAPTER  IV. 

THE    MOON. 

Is  Chapter  VII.  of  the  preceding  part  we  ha^e  &■ 
Boribed  the  motions  of  the  moon  and  its  relation  to  the 
earth.  We  shaft  now  explain  its  physical  constitutioii  u 
revealed  by  the  telescope. 

When  it  l>ecanie  clearly  understood  that  the  earth  ind 
muon  were  to  he  regarded  as  bodies  of  one  class,  and  that 
the  old  notion  of  an  impassable  gnlf  between  the  chancier 
of  bodies  celestial  and  bodies  terrestrial  was  nnfonnded, 
the  question  whether  the  moon  was  like  the  earth  in  all  iU 
details  became  one  of  great  interest.  The  point  of  inoet 
especial  interest  was  whether  the  moon  could,  like  the 
earth,  be  peopled  by  intelligent  inhabitiints.  Accordlngi;, 
when  the  telescope  was  invented  by  Gauleo,  one  of  the 
first  objects  examined  was  the  moon.  ^Vitli  every  im- 
provement of  the  instrnment,  the  examination  became 
more  thorough,  so  that  the  moon  has  been  an  object  of 
careful  stndy  by  the  physical  astronomer. 

The  uumediate  successors  of  Galileo  thought  that  they 
perceived  the  surface  of  the  moon,  like  that  of  our  globe, 
to  be  diversified  with  land  and  water.  Certain  regions  ap- 
pearetl  dark  and,  for  the  most  part,  smooth,  while  others 
were  bright  and  evidently  broken  up  into  hills  and  valleys. 
The  former  regions  were  supposed  to  be  oceans,  and  re- 
ceived names  to  correspond  with  tins  idea.  These  names 
continue  to  tlie  present  day,  although  we  now  know 
there  are  no  oceans  there. 

With  every  improvement  in  the  meana  of 
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lae  become  more  and  more  evident  that  the  surface  of  the 
moon  is  totally  unlike  that  of  our  earth.  There  are  no 
Oceana,  seas,  rivera,  air,  clouda,  or  vapor.  We  can  hardly 
'  suppose  that  animal  or  vegetable  life  exists  nnder  such 
circumstances,  the  fundamental  conditions  of  such  ex- 
leteuce  on  our  earth  being  entirely  wanting.  We  might 
ftlmost  as  well  suppose  a  piece  of  granite  or  lava  to  he  the 
abode  of  life  as  the  surface  of  the  moon  to  be  snch. 

Before  proceeding  with  a  description  of  the  lunar  sur- 
face, as  made  known  to  us  by  the  telescopes  of  the  present 
time,  it  will  be  well  to  give  some  estimates  of  the  visi- 
bility of  objects  on  the  moon  by  means  of  our  instruments. 
Speaking  in  a  rougli  way,  we  may  say  that  the  length  of 
one  mile  on  the  moon  would,  as  seen  from  the  earth,  sub- 
teiid  an  angle  of  1'  of  arc.  More  exactly,  the  angle  sub- 
tended would  range  between  0'-8  and  0'-9,  according  to 
the  varying  disiance  of  the  moon.  In  order  that  an  ob- 
ject may  be  plainly  visible  to  the  naked  eye,  it  must  sub- 
tend an  angle  of  nearly  1'.  Consequently,  a  magnifying 
power  of  60  is  requu-ed  to  render  a  round  object  one  mile 
in  diameter  on  the  surface  of  the  moon  plainly  visible. 
Starting  from  this  fact,  we  may  readily  form  the  follow- 
ing table,  showing  the  diameters  of  the  smallest  objects 
that  can  be  seen  with  different  magnifying  powers,  always 
aseiuning  that  vision  with  these  powers  is  perfect : 

Power      60  ;  diameter  of  object  1  mile, 
Power    150  ;  diameter  2000  feet. 
Power    600  ;  diameter  GOO  feet. 
Power  1000  ;  diameter  300  feet. 
Power  2000  ;  diameter  150  feet. 

If  teleeeopic  power  could  be  increased  indefinitely,  there 
wonld  of  course  be  no  limit  to  the  minuteness  of  an  ob- 
ject visible  on  the  moon's  surface.  But  the  necessary 
imperfections  of  all  telescopes  are  such  that  only  in  extra- 
ordinary eases  c»n  any  thing  Ijf  gained  by  increasing  tK« 
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rangnifj'ing  power  beyond  IIKJO.  The  inflnence  of  wirm 
uid  cold  correiits  iu  our  atmosphere  ia  snch  lu  will  for- 
ever prevent  tlie  advantageous  ase  of  liigh  magnifving 
powers.  After  a  certain  limit  we  see  nottun^  mure  by 
increusing  tlie  jwwer,  vision  becoming  indistinct  in  yn- 
portion  as  the  power  is  increased,  it  may  be  doubted 
whether  the  moon  was  ever  eeen  through  a  t(>lv«cope  to  so 
good  advantage  as  she  would  be  seen  with  x  magniijlBg 
power  of  500,  unaccompanied  hy  any  drawback  from  tit- 
inoepheric  ^'ibrations  or  imperfection  of  the  telescope. 
In  other  words,  it  is  hardly  likely  that  an  object  lees  tbsn 
nOO  feet  in  extent  can  ever  be  seen  on  the  moon  by  an^ 
telescope  whatever,  unless  it  becomes  possible  to  mount  die 
instroment  above  the  atmosphere  of  the  earth.  It  is  there- 
fore only  the  great  featnres  on  the  surface  of  the  moon, 
and  not  the  minute  ones,  which  can  be  made  out  with  the 
telescojie. 

Character  of  the  Moon's  Surboe. — The  most  striking 
[Miint  '•{  difference  between  the  earth  and  nioon  ie  seen  in 
the  total  absence  from  the  latter  of  any  thing  that  looks 
like  an  undulating  surface.  Ko  formations  similar  to  our 
valleys  and  mountain*chains  have  been  detected.  The 
loweet  surface  of  the  moon  which  can  be  seen  with  tlifc 
telescope  appears  to  be  nearly  smooth  and  tliit,  or.  tu 
speak  more  exactly,  spherical  (because  tlie  moon  is  a 
epiiere).  This  surface  lias  different  shades  of  color  in 
different  regions.  Some  portions  are  of  a  bright,  silvery 
tint,  while  others  Lave  a  dark  gray  appearance.  These  dif- 
ferences of  tint  seem  to  arise  from  differences  of  material. 

Upon  this  surface  as  a  fonndatlun  are  built  numerous 
formations  of  various  sizes,  but  all  of  a  very  simple  char- 
acter. Their  general  form  can  be  made  out  by  the  aid  of 
Fig.  89,  and  their  dimensions  by  the  scale  of  miles  at 
the  bottom  of  it.  The  largest  and  most  prominent 
features  are  known  ae  craters.  They  have  a  typical  form 
consisting  of  a  ronnd  or  oval  rugged  wall  rising  from  the 
plane  in  the  manner  of  »  circular  fortification.     Then 
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plane  surface  of  the  moon  already  described.     It  is, 
iver,  gensTuIlr  covered  with  fragmeTilB  ot 'Vift^wv  xcji 
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by  email  ineqnalilies  bo  as  sot  to  be  ea^y  made  ont  In 
the  centre  of  the  cratere  we  frequently  find  a  conical  tor- 
mation  rising  up  to  a  consideralile  lieiglit.  and  much  \mi^ 
than  the  inequalities  just  described.  In  the  craters  «t 
have  A  vagae  resemblance  to  volcanic  formations  upon  tli< 
earth,  the  principal  difference  beiug  that  their  niagniiode 
is  very  ninch  greater  than  any  thing  Itnowu  here.  The 
diameter  of  the  larger  ones  ranges  from  50  to  2tX1  kilo- 
inetrea.  wluie  the  smallest  are  so  minnte  as  to  be  hardly 
Tifiilile  with  the  telescope. 

When  the  moon  is  only  a  few  daj-8  old,  the  sun's  njs 
strike  very  obliquely  upon  the  lunar  niountains,  and  thej 
cast  long  shadows.  From  the  known  position  of  the  sTin, 
moon,  and  earth,  and  from  the  measured  length  of  these 
shadows,  the  heights  of  the  mountains  can  be  calculated. 
It  is  thus  found  that  some  of  the  mountains  near  the  eonth 
pole  rise  to  a  height  of  SOOO  or  flOOd  metres  (from  3o,00fl 
to  30,000  feet)  above  the  general  surface  of  the  mooo. 
Heights  of  from  3000  to  7000  metres  are  very  commoD 
over  almost  the  whole  lunar  surface. 

Next  to  the  so-called  craters  visible  on  the  Innar  disli. 
tlie  most  curious  features  are  certain  long  bright  strealu, 
which  the  flermans  <'all  rills  or  furrow».  These  exteud 
in  long  radiations  over  certain  of  the  craters,  and  have  the 
appearance  of  cracks  in  the  lunar  surface  which  have  been 
subsequently  tilled  by  a  brilliant  white  material,  Ni- 
SMYTH  and  Cahpkntf.b  have  described  some  experimeni* 
designed  to  produce  this  appearance  artificially.  They 
took  hollow  glass  globes,  filled  them  with  water,  and  liiait- 
ed  them  until  the  surface  was  cracked.  The  cracks  gen- 
erated at  the  weakest  point  of  the  surface  radiate  from  the 
point  in  a  manner  strikingly  similar  iu  appearance  to  the 
rills  on  the  moon.  It  would,  however,  be  premature  to 
conclude  that  the  latter  M-ere  actually  produced  in  this 
way. 

The  question  of  the  origin  of  the  Innar  features  has  a 
bearing  on  theories  of  terrestrial  geologjr  at  well  u  apon 


LIGHT  AND  HEAT  OF  THE  MOON.  331 

▼arious  qaestions  respecting  the  past  history  of  the  niooD^ 
it«clf.  Ll  liBfi  been  congidered  in  this  a&pect  by  TariooR^ 
geologists.  1 

Iiunar  AtmoBphere. — The  question  whether  the  moon 
fa»6  ail  atmosphere  haa  been  ranch  discuesed.  The  only 
conclusion  which  has  yet  been  reached  is  that  no  positive 
evidence  uf  an  atmosphere  has  ever  been  obtained,  and 
that  if  one  exists  it  is  certainly  several  hundred  times  rarer 
than  the  atmosphere  of  our  earth.  The  most  delicate 
method  of  detecting  one  is  to  determine  whether  it 
will  refract  the  liglit  of  a  star  seen  through  it.  As  the 
moon  advances  in  her  monthly  course  around  the  earth,  site 
freqnently  appears  to  pass  over  bright  stare.  These  phe- 
nomena are  called  occultations.  Just  before  the  limb  of 
the  moon  appears  to  reach  the  star,  the  latter  will  be  seen 
through  the  moon's  atmosphere,  if  there  is  one,  and  will 
be  displaced  in  a  direction  from  the  moon's  centre.  But 
the  most  careful  observations  have  failed  to  show  the 
Bligbteet  evidence  of  any  such  displacement.  Hence  the 
moet  delicate  test  for  a  lunar  atmosphere  gives  no  evi- 
dence whatever  that  it  exists. 

The  spectra  of  stars  when  about  to  be  occulted  have 
also  been  examined  in  order  to  see  whether  any  absorption 
lines  which  might  l>e  produced  by  the  lunar  atmosphere 
beciime  visible.  The  evidence  in  this  direction  has  also 
been  negative.  Moreover,  the  epectnim  of  tlio  moon  itself 
does  not  seem  to  differ  in  the  slightest  from  that  of  the 
sun.  "We  conclude  therefore  that  if  there  is  a  lunar  at- 
mosphere, it  is  too  rare  to  exert  any  sensible  absorption 
upon  the  rays  of  light. 

Ziight  and  Heat  of  the  Uoon — Many  attempts  have 
been  made  to  measure  the  ratio  of  the  light  of  the  full 
moon  and  ihat  of  the  sun.  The  results  liave  been  very 
discordant,  bnl  all  have  agreed  in  showHng  that  the  sun 
emits  several  hundred  thousand  times  as  much  light  as  the 
fall  moon.     T)ie  last  and  most  careful  determination  is 
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tluit  of  ZoLLTtER,  who  iinde  the  sun  to  be  61S,000  times  >i 
bright  ae  the  foil  luooo. 

The  moon  must  reject  the  heat  ae  well  as  the  light  of 
the  sun.  and  iiiu»t  nUo  radiate  a  small  tunonnt  of  its  own 
heat.  But  the  <]uantitiee  thus  reflected  and  radiated  are  so 
minnte  that  ihev  have  defied  detection  except  with  the 
most  delicate  iuBiriiiiients  of  reeearcb  now  knowo.  Bvcoi- 
lecting  the  mooiiV  raj's  in  the  focus  of  one  of  his  lar^  te- 
6e<.'tirg  telescopes.  Lord  RoesB  was  able  to  show  that  > 
certain  amount  of  beat  is  actnally  received  from  the 
moon,  and  that  this  amount  varies  with  the  moon's  phase, 
as  it  eliould  do.  Ho  aleo  Bought  to  leani  honr  much  of 
the  moon's  beat  was  reflected  and  how  macb  radiated. 
This  he  did  by  ascertaining  its  capacity  for  passing 
through  glase.  It  is  well  known  to  students  of  physics 
that  a  very  'nnch  larger  portion  of  the  heat  radiated  ly 
the  sun  or  other  extremely  hot  bodies  will  pass  tlirough 
glass  than  of  heat  radiated  by  a  cooler  body.  Kxperimeais 
diow  that  about  »6  per  cent  of  the  sun's  heat  will  paa 
through  ordinary  optical  glass.  If  the  heat  of  the  mooD 
were  entirely  reflected  sun  heat,  it  would  possess  the  same 
property,  and  the  same  proportion  would  paas  through 
glass.  But  the  cxperimeuts  of  Lord  Kosse  have  sbowa 
that  instead  of  SCi  per  cent,  only  1 2  per  cent  passed  tlirough 
the  glass.  As  a  general  result  of  all  his  researches,  it  may 
be  supposed  that  about  six  sevenths  of  the  heat  given  a 
by  the  nioou  is  radiated  and  one  seventh  reflected. 

Is  there  any  change  on  the  surfoce  of  the  ICoonpi 
When  the  surface  of  the  moon  was  first  found  to  be  c 
ered  by  craters  having  the  appearance  of  volcanoes  at  ^ 
surface  of  the  earth,   it  was  verj'  naturally  thought  l" 
these  supposed  volcanoes  might  be  still  in  activity,  and^ 
hibit  themselves  to  our  telescopes  by  their  flames. 
WilliamHerbcuel supposed  that  hesawseveml  such  v 
canoes,  and,  on  his  authority,  they  were  long  believed  to 
exist.     Subsequent  observations  have  shown  that  this  was 
a  mistaken  opinion,  though  a  very  natural  one  under  the 
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eircmn stances.  If  we  look  at  the  moon  with  a  telescope 
Trben  she  is  three  or  four  days  old,  we  shall  see  the  darker 
portion  of  her  snrface,  which  is  not  reached  bj  the  smi's 
Tb^-s,  to  be  faintly  illuniinated  by  light  reflected  from  the 
earth.  This  appearance  may  always  be  seen  at  the  right 
iime  with  the  naked  eye.  IJf  the  telescope  has  an  aperture 
of  five  inches  or  npward,  and  the  magnifying  power  does 
Hot  exceed  ten  to  the  inch,  we  shall  generally  see  one  or 
more  spots  on  this  dark  hemisphere  of  the  moon  eo  much 
brighter  than  the  rest  of  the  surface  that  they  may  well 
mggest  the  idea  of  being  self-luminons.  It  is,  liowever, 
known  that  these  are  only  spots  possessing  the  power  of 
zefiecting  back  an  uunsually  large  portion  of  the  earth's 
light.  Not  the  slightest  sound  evidence  of  any  incandes- 
nt  eruption  at  the  moon's  surface  has  ever  been  found. 
Several  instances  of  supposed  changes  on  the  moon's 
have  been  described  in  recent  times.  A  few  years 
spot  known  as  LinneeuB,  near  the  centre  of  the 
'b  visible  disk,  was  found  to  present  an  appearance 
\  entirely  different  from  its  representation  on  the  map  of 
Bebr  and  Maedlek,  made  forty  years  before.  More 
recently  Klfin,  of  Cologne,  supposed  himself  to  have  dis- 
covered a  yet  more  decided  change  in  another  feature  of 
the  moon's  snrface. 

The  question  whether  these  changes  are  proven  is  one 

on  which  the  opinions  of  astronomers  differ.     Thediflicul- 

i.  ty  of  reaching  a  certain  conclusion  arises  from  the  fact  that 

i:  each  feature  necessarily  varies  in  appearance,  owing  to  the 

\  different   ways  in  which  the  aim's  light  falls   upon    it, 

Sometimes  the  changes  are  very  difficult  to  account  for, 

even  when  it  is  certain  that  they  do  not  arise  from  any 

change  on  the  moon  itself.     Hence  while  some  regard  the 

apparent  changes  as  real,  others  regard  them  as  due  only 

to  diSereuces  in  the  mode  of  iUumiuation. 
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CHAPTER  V. 

THE   PLANET   MARS. 
t,  1.    DESCRIPTION  OP  THE  PLAITBT. 

3fars  is  the  ntxt  planet  lievoml  the  earth  in  the  order 
of  distance  from  the  sun,  being  aliont  half  as  far  a^in  ts 
the  eartli.  It  has  a  decided  red  color,  by  wliich  it  may 
be  readily  dtstiiigitisfacd  from  all  llie  other  planeU. 
Owinp  to  the  considerable  eccentricity  of  its  orbit,  ito 
dtBtancf,  both  from  the  sun  and  from  tlie  earth,  variee  in  & 
larg;er  proportion  than  does  that  of  the  other  outer  planets. 

At  tlie  moat  favorable  oppositionB,  its  distance  from  the 
earth  is  about  0-36  of  the  astronomical  unit,  or,  in  round 
numbers,  57.000.000  kilometres  (35,000,000  of  miles). 
This  is  greater  than  the  least  distance  of  Venu-9,  but  we 
can  nevertheless  obtain  a  better  view  of  Mars  under  these 
circnni&tanees  than  of  Venu»,  Itccaoee  when  the  latter  is 
nearest  to  us  its  dark  hemisphere  is  turned  toward  na, 
while  in  the  case  of  Marn  and  of  the  outer  planets  the 
hemisphere  turned  toward  uh  at  opposition  is  fully  illu- 
minated by  the  sun. 

The  period  of  revolution  of  Mare  around  the  bud  is  a 
little  leas  than  two  years,  or,  more  exactly.  tiST  days.  The 
snccessive  oppositions  occur  at  intervals  of  two  years  and 
one  or  two  months,  the  earth  having  made  during  this 
interval  a  little  more  than  two  revolutions  around  the  sncj 
and  the  planet  Mara  a  little  more  tlian  one.  The  dat 
of  several  past  and  futm-e  oppositions  are  shown  in  I 
following  table : 
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1871 March  20th. 

1873 April  27th. 

1875 June  SOtli. 

1877 September  5th. 

1879 November  12th. 

1881 December  26th. 

1884 January  3lBt. 

1886 March  6th. 

Owing  to  the  unequal  motion  of  the  planet,  arising  from 
the  eccentricity  of  its  orbit,  the  intervals  between  suo- 
i^essive  oppositions  vary  from  two  years  and  one  month  to 
two  years  and  two  and  a  half  months. 

Ahont  Angnet  26th  of  each  year  tlie  earth  is  in  the  same 
direction  from  the  sun  as  the  perihelion  of  the  orbit  of 
,  Mart.  Hence  if  an  opposition  occurs  about  that  time, 
Mm-s  will  be  very  near  itfi  perihehon,  and  at  the  leaet 
poBBihle  distance  from  the  earth.  At  the  opposite  season 
of  tlie  year,  near  the  end  of  Febniary,  the  earth  is  on 
the  line  drawn  from  the  sun  to  the  aphelion  of  the  orbit 
Mam.  The  least  favorable  oppositions  ai-e  therefore 
tlioee  which  occur  in  Felimary.  Tlie  distance  of  Mara 
then  about  0-6o  of  the  astronomical  unit. 

The  favorable  oppositions  occur  at  intervals  of  15  ur 
17  years,  the  period  being  that  required  for  the  suceessirAi 
increments  of  one  or  two  months  between  the  times  of  the] 
year  at  which  succeeeive  oppositions  occur  to  make  up  an 
entire  year,  Tliis  will  be  readily  seen  from  the  preceding 
table  of  the  times  of  opposition,  which  shows  how  the  op- 
positions ranged  through  the  entire  year  between  1871 
and  1886.  The  opposition  of  1877  was  remarkably  fa- 
vorable. The  nest  most  favorable  oppositioD  will  occbt 
in  1893. 

Mara  necessarily  exhibits  phases,  but  they  are  not  so 
well  marked  as  in  the  case  of  Yenus,  because  the  hemi- 
sphere which  it  presents  to  the  observer  on  the  earth  is 
always  more  than  half  illuminated.     The  grae.te»l  '^V^Asn 
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uncure  when  it«  direction  is  90°  from  tlutt  uf  tin;  sun,  »d8 
oven  ihen  six  eeveatlis  of  iu  di^k  is  illatninated,  like  tiol 
of  tlio  moon,  tliree  da^-s  before  or  after  full  moon.  Tte 
pliucs  of  Mar»  were  observed  lijr  Galilei>  in  1610,  wlw, 
howerer,  eould  not  describe  them  with  entire  certaintT, 

BotatioQ  of  Kara. — The  early  telescopic  observer? 
aoticvd  that  the  disk  of  Mars  did  not  appear  uniform  in 
color  and  brightnese,  but  had  a  variegated  aspect.  In 
1666  the  celebrated  Dr.  Kobert  Hooke  foaiid  th»t  the 
markings  on  Mars  were  permanent  and  moved  artmud  in 
ench  a  way  as  to  show  that  the  planet  revolved  on  its  axU- 
The  markings  given  iu  his  drawing  can  lie  traced  at  tke 
present  day,  and  are  made  use  of  to  determine  the  vXUl 
period  of  rotation  of  the  planet,  I>rawings  made  hj 
HuTGHGN's  about  the  same  time  Lave  l>eeu  nsed  in  ibe 
eaine  way.  8o  well  ie  the  rotation  fixed  by  thorn  that  the 
astronomer  can  now  deteriaine  the  exact  number  of  times 
the  planet  has  rotated  on  its  axis  since  these  old  drawing 
were  made.  The  period  lias  been  found  by  Mr.  PaocnuK 
to  be  24"  37°  22*-7,  a  result  which  appears  certain  to  yoe 
ur  two  tenths  of  a  second.  It  is  therefore  less  than 
hour  greater  than  the  period  of  rotation  of  the  earth. 

Surtboe  of  Mars. — ^Tiie  most  interesting  result  of 
markings  on  JLira  is  the  probability  that  its  surfaea 
versified  by  land  and  water,  covered  by  an  atmospl 
and  altogether  very  similar  to  the  surface  of  the  eaitli. 
Some  portions  of  the  surface  are  of  a  detndud  rod  color, 
and  thus  give  rise  to  the  well-known  fiery  aspect  of  the 
planet.  Other  parts  are  of  a  greenish  hue,  and  are  there- 
fore supposed  to  be  seas.  The  niout  striking  features  are 
two  brilliant  wliite  regions,  one  lying  around  each  pole  of  thi.- 
planet.  It  has  been  sujiposed  tliat  this  appearance  is  due 
to  immense  mafises  of  snow  and  ice  surrounding  the  poles. 
If  this  weroso,  it  would  indicate  that  the  processes  of  evap- 
oration, cloud  fomiation,  and  condensation  of  vapor  into 
rain  and  snow  go  on  at  the  surface  of  Mars  as  at  the  sur- 
face of  the  earth.     A  certain  amount  of  color  is  given  Iu 
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Is  theory  hy  HUppoeed  changes  in  the  magnitude  of 
leee  ice-cape.  Hut  the  problem  of  cstabheliing  such 
langes  is  one  of  extrenio  difficulty.  The  only  way  in 
hich  an  adequate  idea  of  this  difficulty  can  be  formed  is 

ry  the  reader  himself  looking  at  J^az-s  through  a  telescope, 
If  lie  will  then  note  how  hard  it  is  to  make  out  the 

Efiercnt  shades  of  light  and  darkness  on  the  planet,  and 
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!low  they  must  vary  in  aspect  under  different  conditions 
rf  cleamese  in  our  own  atmosphere,  he  will  readily  per- 
tMve  that  much  evidence  is  necessary  to  establish  great 
lihanges.  All  we  can  say,  therefore,  is  that  the  formation 
if  the  ice-caps  in  winter  and  tlieir  melting  in  summer  haa 

ume  evidence   in   ita   favor,   but  is   not  yet  completely 

troveii. 
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%  3.    SATELLITES   OF  UABS. 

Until  the  jear  1^77.  Mam  wae  supposed  to  hare 
eUit«8,  none  haring  ever  been  Bveii  in  the  most  po«( 
teleecopee.  But  in  Aiif^t  of  that  year,  ProfeEforEilL, 
of  the  Naval  Observatory,  institnted  a  aysteiuatic  EOrch 
with  the  great  equatoiial,  which  resulted  in  the  disctivm 
of  two  6uch  objects.  We  have  already  descTil)ed  theop- 
poeitioii  of  1877  as  an  extremely  favorable  one  ;  other*i» 
it  would  lujve  lieen  hardly  possible  to  detect  these  bodks. 
They  had  never  before  been  seen,  partly  on  aceoonl  of 
their  extreme  minuteness,  which  rendered  them  hivisiblc 
except  with  powerful  instruments  and  at  the  most  favor- 
able times,  and  partly  on  account  of  the  fact,  already  al- 
hided  to,  that  the  favorable  oppositions  occur  only  at  tnta- 
vals  of  15  or  17  years.  There  are  only  a  few  weeks  dur 
ing  each  of  these  intervale  when  It  is  practicable  to  diuin- 
guish  them. 

These  satellites  are  by  far  the  smallest  celestial  ho&ee 
known.  It  ie  of  course  iiiipossible  to  measure  their  diam- 
eters, aa  they  appear  in  tlie  telescope  only  as  points  of 
light.  A  very  careful  estimate  of  the  amount  of  liglii 
which  they  reflect  was  made  by  Profesftir  E.  C.  PicKen- 
iNii,  Director  of  the  Harvard  College  Observatory,  who 
calculuted  how  large  they  ought  to  be  to  reflect  tliis  light. 
He  thus  found  that  the  outer  satellite  was  probably  aboul 
six  miles  and  the  inner  one  about  seven  miles  in  diameter, 
aupposiug  them  to  reflect  the  solar  rays  precisely  as  Xan 
does.  The  outer  one  was  seen  with  the  telescope  at  a  dis- 
tance from  the  earth  of  7,0(X(,000  times  this  diameter. 
The  proportion  would  he  that  of  a  ball  two  inches  iodi- 
ameter  viewed  at  a  distance  equal  to  tliat  between  the 
cities  of  Bostou  and  New  York.  Such  a  feat  of  telescopic 
seeing  is  well  fitted  to  give  an  idea  of  the  power  of  modern 
optical  instrmnents. 

Professor  Hall  found  tliat  the  outer  satellite,  wl 
he  culled  Dvimm,  revolves  around  the  plaiiet  iu  3U'' 
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and  the  inner  one,  called  Phoboa,  in  7**  SS"*.  The  latter  is 
only  5800  miles  from  the  centre  of  Mara^  and  lesB  than 
4000  milea  from  its  surface.  It  would  therefore  be  ahnost 
poasible  with  one  of  our  telesoopes  on  the  surface  of  Mara 
to  see  an  object  the  size  of  a  lai^  animal  on  the  satellite. 
This  short  distance  and  rapid  revolution  make  the  inner 
■ilellite  of  Mara  one  of  the  most  interesting  bodies  with 
which  we  are  acquainted.  It  performs  a  revolution  in  its 
cffbit  in  less  than  half  the  time  that  Mara  revolves  on  its 
made.  In  consequence,  to  the  inhabitants  of  Mara^  it 
wodld  seem  to  rise  in  the  west  and  set  in  the  east.  It  will 
be  remembered  that  the  revolution  of  the  moon  around 
the  earth  and  of  the  earth  on  its  axis  are  both  from  west 
to  east ;  but  the  latter  revolution  being  the  more  rapid,  the 
mpparent  diurnal  motion  of  the  moon  is  from  east  to  west. 
In  the  case  of  the  inner  satellite  of  Mars^  however,  this 
18  reversed,  and  it  therefore  appeal's  to  move  in  the  actual 
direction  of  its  orbital  motion.  The  rapidity  of  its  phases 
is  also  e<]nally  remarkable.  It  is  less  than  two  hours  from 
new  moon  to  first  quarter,  and  so  on.  Thus  the  inhabit- 
ants of  Mara  may  see  their  inner  moon  pass  through  all 
its  phases  in  a  single  night. 


i 


CHAPTER  VI. 

THE  MINOB  PLANETS. 

When  tlie  Bolar  s)-8t«tn  was  first  mapped  out  in  its  tne  * 
proportions  by  CoPKRstcus  and  Kei'ler,  only  sis  prinitry 
plaiiete  were  knowii  —  iiaiiiely,  Mercury,  Vcrntu,  the 
Earth,  Mars,  Jupiter,  and  Saturn.  These  gui-t-eeded 
each  otlier  according  to  a  uearl}'  regular  law,  as  we  have 
aliown  in  Oliapter  I.,  except  that  l»etween  Mar«  and  Jupi- 
ter a  gap  was  left,  wbere  an  additional  planet  ini^lit  be 
inserted,  and  the  order  of  distance  be  thus  made  L-uuiplete. 
It  was  therefore  supposed  by  the  astronomers  of  thu  eeven- 
teentli  and  eiglit«euth  centuriee  that  a  planet  might  be 
found  in  this  region.  A  search  for  thia  object  was  ineti- 
tuted  toward  the  end  of  the  last  century,  but  before  it 
harl  made  much  progress  a  planet  in  the  plaee  of  the  one 
BO  long  expectetl  was  found  by  Piazzi,  of  Palermo.  The 
discovery  was  made  on  the  first  day  of  the  present  centurj, 
ISOl,  January  Ist. 

In  the  course  of  the  following  seven  years  the  astronom- 
ical world  was  surprised  by  tiio  discovery  of  three  other 
planets,  all  in  the  same  region,  though  not  revolving  ia 
the  same  orbits.  Seeing  four  small  planets  where  one 
large  one  ought  to  be,  <)i.bess  was  led  to  Ids  celebrated 
hypothesis  tliat  these  bodies  were  the  fragments  of  a  large 
planet  which  had  been  hrokeu  to  pieces  by  the  action  of 
some  unknown  force. 

A  generation  of  atttronomors  now  passed  away  without 
the  discovery  of  more  than  thesis  four.  But  in  December, 
1»45,   IIknckk,  of  Dreisen,   being  engaged  in  mapping 
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^own  the  Btara  near  the  ecliptic,  fouad  a  fifth  planet  of 
tiie  group.  In  1847  three  more  were  discovered,  and 
discoveries  have  since  been  made  at  a  rate  which  tliue  far 
ehowe  no  signs  of  diminutiun.  The  mimber  has  now 
reached  200,  and  tlie  discover^'  of  additional  ones  seems  to 
be  going  on  as  fast  as  ever.  The  frequent  announcements 
of  tlie  discovery  of  planets  which  appear  in  the  public 
prints  all  refer  to  bodies  of  tins  group. 

The  minor  planete  are  distinguished  fmin  the  major 
onea  by  many  characteristice.  Among  these  we  may 
mention  their  great  number,  whicli  exceeds  that  of  ail  the 
other  known  bodies  of  the  solar  system  ;  their  small  size  ; 
their  positions,  all  being  sitnated  between  the  orbits  of 
Mara  &aA  Jupiter;  the  great  eccentricities  and  inclina^ 
tioiiB  of  their  orbits. 

HTumber  of  Small  Flaneta.^It  would  l>e  interesting  to 
know  how  many  of  tiiesc  planets  there  are  in  all,  but  it  is 
as  yet  impossible  even  to  guess  at  the  number.  As 
already  stated,  fully  2(H»  are  now  known,  and  the  number 
of  new  ones  fonnd  every  year  ranges  from  7  or  8  to  10  or 
12.  If  ten  additional  ones  arc  found  every  year  during 
tlie  remainder  of  the  century,  400  will  then  have  been 
discovered. 

The  discrovcry  nf  tlieae  bodies  is  a  very  diflicull  work, 
requiring  great  practice  and  skill  on  the  part  of  the  as* 
trouomer.  The  ditficnlty  is  that  of  distinguishing  them 
amongst  the  hundreds  of  thousands  of  telescopic  stars 
which  are  scattered  in  the  heavens.  A  minor  planet 
preet^iils  no  sensible  disk,  and  therefore  looks  exactly  like 
a  Miiall  star.  It  can  be  detected  only  by  its  motion  among 
Uie  sarrounding  stars,  which  is  so  slow  tiiat  hours  or  even 
days  must  elapse  before  it  can  be  noticed. 

Hagnitudes. — In  consequence  of  the  minor  planets  hav- 
ing no  visible  disks  in  the  most  powerful  telescopes,  it  is  im- 
possible to  make  any  precise  measurement  of  tlieir  diam- 
eters. These  can,  however,  lie  estimated  by  the  amonnt 
of  light  wliidi  the  planet  reflects.     Supposing  the  propot- 
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tion  nf  light  reflected  about  the  t&me  as  in  the  case  of  tk 
larger  pUneta,  it  is  estimated  that  the  diameters  of  die 
throe  or  fonr  largeet,  wliii-li  are  thoee  firet  diwivered, 
range  botwccti  ZW  and  tiiKi  kilometres,  while  tlie  emallcet 
are  probabl,v  from  W  to  50  kilometres  in  diameter.  Tbo 
Hvvragc  diameter  of  idl  that  are  knov^ii  ir>  perhape  le«e  tliui 
150  kilometres — Ihut  is,  ecarcelj  morv  than  one  hnndredth 
that  of  the  earth.  The  volumes  of  eoUd  bodies  varj'  as  tin 
cubes  of  their  diameters  ;  it  might  therefore  take  a  million 
of  these  planets  to  make  one  of  the  size  of  the  earth. 

Form  of  Orbits. —Tlie  orbits  of  the  minor  planets  are  mntb 
more  eccentric  tlmn  tliiMe  of  the  larger  onvs  ;  their  distance  tiom 
the  Min  thiTclcire  varies  vtrj  widely.  The  most  eccentric  orbil  yel 
known  i«  lliut  of  Aethra.  which  vtM  discovered  bj  Profewnr  Wat- 
•OM  In  I8T3.  lis  lua^t  dinUincc  fiom  the  »un  is  1-61.  a  veij  little 
fitrrher  rlinn  Man,  while  at  n|>hi;liiin  it  is  3-50,  nr  more  than  twin 
AS  fur  Two  or  thrre  others  are  Iwite  as  fur  from  the  sun  st  aphe- 
lion OS  at  iieriliL'lion.  while  nearly  all  arc  so  eccentric  that  if  the 
orbits  were  drawn  to  a  scale,  tlw  eye  would  ruidikperveiTc  that  the 
Bun  was  not  in  their  centres.  The  largest  incJinalion  of  all  is  that 
of  t^iiloM,  which  is  one  of  the  originitl  four,  having  been  dis<»VEr«d 
by  Oi.BKas  in  1802.  The  inclination  to  the  ecliptic  is  34%  or  mora 
than  one  third  of  a  right  angle.  Five  or  eii  others  have  inclinatioDS 
exceeding  20°:  they  therefore  range  entirely  outside  the  zodiac,  and 
in  fsct  suraetimes  culminate  lo  the  north  olour  zenith. 

Origin  of  the  Hinor  Plaaets — The  question  of  the  origin  ot 
these  bodies  was  long  one  of  great  interest.  The  features  which  we 
have  described  associnte  themselves  very  naturally  with  the  cele- 
brated hypothesis  of  Olbekb,  that  we  here  have  the  fragments  of  a 
single  Urge  planet  which  in  the  lH>ginning  revolved  in  its  proper 
plarc  between  thi?  orbits  of  Man  and  Jnpiler.  Oi.ueks  himself  sug- 
gested H  test  of  Ilia  theory.  If  these  bodies  were  really  formed  by 
an  explosion  of  the  large  one,  the  separKtc  orbits  of  the  fnigmenta 
would  all  pass  through  tlie  point  where  the  explosion  occurred,  k 
common  point  of  intersection  wns  therefore  long  Itioked  for  :  bl!t| 
although  two  or  three  of  the  Drat  four  did  pass  pretty  near 
Other,  the  required  point  could  not  be  found  for  all  four. 
It  was  then  si^gested  that  the  secular  changes  in  the  orbiti  , 

duced  by  the  ntlion  of  the  other  pluiets  would  in  time  change       

poBitiuns  of  all  the  orbits  in  such  u  way  that  they  would  no  longer 
Iiavo  any  common  interseclion.  The  secular  variations  of  their  orblu 
werethercfurecomputed,  toseeif  there  wasanysignof  the  required 
intersection  in  past  uges,  but  none  could  be  found.  No  support 
has  been  given  to  Olbers'  hypothesis  by  aubseijuent  inveetigalions, 
and  it  is  no  longer  considered  by  iistronooiers  to  have  any  founda- 
far  as  can  be  judged,  these  bodies  have  been  revolving 
e  sun  as  separate  planeta  ever  since  the  solar  eystem  itanu 


CHAPTER  VII. 

JTJPITER  AND   HIS  SATELLITES. 
§   1.    THE  PLANET  JITPITEB. 

Jupiter  \%  iTmc}i  the  largest  planet  in  the  syfitem.     Hi$ 
mean  distance  is  nearly  8uO,000,fHJO  kilometres  (480,000,-- 
000  inilee).     Hie  iliaineter  ib  140,000  kilometree,  corrs- 
spoodiiip  to  a  mean  apparent  diameter,  aa  seen  from  thbt 
Biin  of  36*  ■  5.    Ilia  linear  diitineter  is  about  -j^,  liis  enrfai 
is  f^g,  and  liia  volume  -^^^^  that  of  the  eiin.     His  maae 
TpJ^g,  and  Ills  density  is  thus  nearly  the  sunie  a«  the  eunV 
viz.,  0-24  of  the  earth's.   He  nitalesoii  his  axis  in  9*  56""  20*. 

He  is  attended  by  four  aitellitcs,  whirJi  were  discovered 
by  Galileo  on  January  7th,  1010.  He  named  them  in 
honor  of  the  Medicis,  the  MetUcean  stars.  These  satellites 
were  independently  discovered  on  January  Itlth,  1610,  by 
Habbiot,  of  England,  who  oI)served  them  throngli  several 
subsequent  years.  Simon  Marius  also  appears  to  liaT&- 
early  observed  them,  and  the  honor  of  their  discovery  ia< 
claimed  for  liitn.  They  are  now  known  as  Satellites  I, 
II,  III,  and  IV,  I  being  the  nearest. 

The  surface  of  Jupiter  has  been  carefully  studied  with 
tliB  teles^'ope,  particularly  within  the  past  20  years.  Al- 
though further  from  us  than  Mars,  the  details  of  his  disle 
are  much  easier  to  recognize.  The  most  characteriBtio 
features  are  given  in  the  drawings  appended.  These  feat- 
ures are,  jirsiiy,  the  dark  bands  of  the  equatorial  regions, 
and,  secondly,  the  cloud-like  foniis  spreati  over  nearly  tho 
vhole  surface.     At  the  limb  all  these  details  Iwoiaxe  uidW 
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tinct,  and  finally  vftQielt,  thus  indicating  a  highly  abeorp 
ktmofiphere.    The  light  fmni  the  centre  of  th«  di»b  Utwiw  ' 
«B  bright  as  that  from  the  poles  (Arago).     The  bands  a 
be  eecii  with  inetnun«nts  no  more  powerfal  thnn  thou 
used  by  Qalilkii,  yet  he  makee  no  mention  of  them,  tl 
though  they  wore  seen  by  Zrocrn,  Fontana,  and  otliera  he- 
fore    1633.      lIitYoiiGNR   (1659)    describes    the  hands  j 
brighter  tlian  tbt-  rest  uf  the  disk — a  tiniqne  ob6er\-al 
on  which  we  miiRt  limk  with  some  diEtnist,  as  aiiiee  J 
they  have  constantly  Iwen  seen  darker  than  the  mt  \ 
planet. 

Tilts  coh>r  of  the  handp  is  frefjnently  described  m 
red,  but  one  of  the  authors  lias  made   careful  Btndl 
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color  of  this  planet,  ami  finds  the  prevailing  tint 
fialmon  color,  exactly  similar  to  the  color  of  Mart. 
poctition  of  the  Itanda  varies  in  latitude,  and  tlie  sha] 
the  limiting  curves  also  change  from  day  to  day  ;  but  ^ 
tlie  main  they  remain  as  porinaneiit  features  of  the  region 
to  which  they  l>elong.  Two  such  hands  are  usually  vis- 
ible, hut  often  more  arc  seen.  For  example,  Cassim 
(Ifiyu,  December  Ifith)  saw  six  parallel  bando  extending 
completely  around  the  planet.  HER«:nEL,  in  the  vear 
1783,  attributed  tlic  aspects  of  the  bands  to  zones  of  the 
planet's  atmospliere  more  tranquil  and  less  tilled  witli 
clouds  than  the  retnainiiig  portions,  ao  as  to  j>emiit  the 
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ime  scrface  of  the  planet  to  be  seen  tlirongli  tliese  zones, 
■hile  the  prevailing  clouds  in  the  other  regions  give 
brighter  tint  to  these  latter.  The  color  of  the  hands 
lemfl  to  vary  from  time  to  time,  and  their  bordenng 
oes  soinetjmee  alter  with  Biich  rapidity  as  to  show  that   i 

bese  borders  are  formed  of  something  hkc  clouds. 
The  clouds  themselves  can  e^isily  be  seen  at  times,  and 

bey  have  every  variety  of  shape,  eometimcu  appearing  as 


brilliant  circular  white  masses,  hnt  oftenerthey  are  similar 
b  form  to  a  Beries  of  white  ciimnlons  clouds  such  as  are 
freqaently  seen  piled  up  near  the  horizon  on  a  summer's 
day.  The  bands  themselves  seem  frequently  to  he  veiled 
over  with  something  like  the  thin  cirrus  clouds  of  our 
itmoBpbere,  On  one  occasion  an  annnliis  of  white  cloud 
iras  seen  on  one  of  tlie  dark  hands  for  many  days,  retain, 
hpg  its  shape  through  the  wliole  period. 


F 


Snch  I'loiids  can  be  tolvnibly  m^cnrattlj  oheerveii,  a 
may  be  ue«d  to  determine  the  rotjitiuii  tuue  of  tbe  p 
Th<<£e    obeervfttions  eliow  tbat    tlie  clouds    have  o 
motion  of  their  uvni,  which  is  also  evideut  from 
Bideralions. 

The  following  result*  of  observation  of  spots  situated  in 
TBriouB  regions  of  the  planet  will  illustrat*  lliis 
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g  9.    THE  SATELLITES    OF  J  UPITKU. 

Kotiona  of  the  Satellites.  —  The  four  satellites  ml 
about  JujntJT  froiri  west  to  east  in  ni-arly  circular  orbits. 
When  one  of  these  satellites  parses  between  the  snu  and 
Jupiter,  it  casts  a  shadow  upon  Jupiter'«  disk  (see  Fig.  AS) 
precisely  as  the  shadow  of  our  moon  is  thrown  npon  the 
earth  in  a  solar  eclipse.  If  the  aatcllite  passes  through 
Jupiter^a  own  shadow  in  its  revolution,  an  eclipse  of  tliis 
satellite  takes  jilace.  If  it  passes  between  the  earth 
Jupiter,  it  ispmjected  upon  •JupiUr's  disk,  and  we  ha' 
transit ;  if  Jupiter  is  l)etween  the  earth  and  tbe  satel 
an  occultation  of  the  latter  occurs.  All  these  pIienomenT 
can  be  seen  from  the  earth  with  a  common  telescope,  and 
the  timea  of  observation  are  all  found  predicted  in  the 
N^autivui-  AIvMinac.  In  this  way  we  are  sure  that  tli 
Bpots  which  we  see  moving  across  tbe  disk  of  JupiUi 
really  the  shadows  of  the  sateUitee  themselves,  and  nut 
nomena  to  be  otherwise  explained.  These  shadows 
seen  black  upon  Jvpitcr's  surface,  show  that  this 
shines  by  refle(?ting  the  light  of  the  sun, 
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El^Ieecopic  Appearance  of  the  Satellites,— Under  ordi- 
ry  circuiiialanceB,  the  satt-Uites  of  J^upiter  are  «een  to 
hatv^  disks— that  is,  not  to  be  mere  points  of  light.  Cn- 
der  very  favorable  coDditions,  markings  have  beeen  seen 
OD  these  disks,  and  it  is  very  curious  that  tlie  anonialous 
appearances  given  in  Fig.  93  (by  Dr.  Hastinosj  liave  been 
seen  at  various  times  hy  other  good  observers,  as  Secchi, 
Dawks,  and  Rutherfued.  Satellite  III,  which  is  much 
tlie  largest,  has  decided  markings  on  its  face  ;  IV  some- 
tiuies  appears,  as  in  the  figure,  to  have  its  ciR'nlar  otitliue 
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PlO.  93,^KLE8COPIC  APPEAttANCK  OF  JCPTTEh'S  fl.VTELLITGS. 

cot  off  by  right  lines,  and  satellite  I  soinetimes  appears 
gibbous.  The  opportunities  for  observing  these  appear- 
ances are  so  rare  that  iiotliing  is  known  Iwyond  the  bare 
fact  of  their  existence,  and  no  plausible  explanation  uf  the 
figure  shown  in  IV  has  been  given. 


Phenomena  of  the  Satellites.— The  phenomena  of  the  satel- 
lites are  illustruted  in  Fig.  04.  Here  S  represenla  tlie  nun,  A  T 
the  orbit  of  Ihe  earth  (the  earth  itself  being  at  Ti,  the  outer  circle 
the  orbit  of  JupUer,  and  the  four  email  circles  upon  tlie  latter  fow 
difierent  positions  of  the  orbit  of  a  satellite.  In  ilie  tcnrrt  of  ei "'' 
of  the  satellite  orbits  will  be  seen  h  small  whiti-  cirtle  dMi}{nt^ 
represent  the  planet  Jupiter  itself.  The  dotted  liiU's  drawn  from 
each  edge  of  the  sun  to  the  corresponding  edges  of  the  planet  and 
continued  until  they  meet  in  a  point  show  Ihu  oulliucB  of  [he 
kliadow  of  Jupiter. 

Let  us  first  cnnsidcr  the  position  of  Japitcr  niMrked  ^to  the  left 
of  Ihe  figure,  it  hcing  then  la  opposition  lo  tliu  baa.  The  oliserver 
OD  tbe  earth  at  T  cnuld  not  then  see  an  ohject  anywhere  in  th« 
•hodow  of  Jupiter  because  the  latter  is  entirely  behind  Ihe  ]ilanet. 
Hence,  as  tbe  satellite  moves  around,  he  will  see  it  disappear  I>eliiud 
tbe  right-hnnd  limb  of  the  planet  and  reappear  from  the  left-hand 
limb.  Such  a  phenomenon  is  called  nn  occultation,  and  is  desig- 
nated as  disappearance  or  reappearance,  according  to  the  phase. 

It  may  be  remarked,  however,  that  the  inclination  of  the  outer 
satellite  to  the  orbit  of  Jujiiler  is  so  great  that  it  "'  " 
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tinrlv  Hlmvc  nr  IkIoo'   tlie  plun-.-t,  nnd   thcrclnre  ia  not  uccuhll 

Lrt  iix  n«xt  congidPT  A;-i/<r  in  the  p<witi<ni  J'  near  the  botlwol 
D  Agate,  the  Bltmdvw.  m  before,  pointing  tram  the  pluwt  illiwU) 
ay  from  the  md.     If  the  shiidow   were  a  viable  object.  th(  o'-- 
rver  on  the  earth  «t   Tcouldfceit   projected  out  on  the  tiElil'i 
r  planet,  because  he  w  n"t  in  th^  line  bctwctn  Ajn(«T  and  lit  sii^ 
tact  aa  a  satellite  moves  aiound  and  entem  the  shadow,  he  "iU  W 

Fia.  M  — pnKNOMKNA  or  jtfpiTKR'a  satrllit^ 

called  an  t^'tipue  .iiuiji^amHrt.     If  the  aalellite  is  one  nt  the  tw 
ter  ones,  he  will  be  alile  to  see  it  reappear  sfiain  afler  it  rome 
1  of  the  Hlimlnw  before  it  is  occulted  behind  the  planet. 
Boon  .irierwnrd  the  occultation  will  occur,  and  it  will  Bfterwiirt 
uppear  on  the  left.    In  the  case  uf  the  inner  or  Sret  sHttlli'e.  how 

V,  will  not  B(T  it  reiippcar  until  it  emerges  from  behind  the  planet 
If  thcphiaetiHin  the   positlou  J*,  the  satelltta  will    be   ooculM 

L                         i 

1 

I 

1 

SATELLITES  OF  JUl'STEli.  :U!l    , 

lehiDi)  the  planet  where  H  reaches  tlie  first  dotted  line.  If  it  is  the  in- 
ter (Atellite,  it  will  not  be  seen  to  reappear  on  the  other  side  of  titi: 
llanet,  because  when  it  rcnches  the  Bccond  dotted  hne  it  hoa  entered 
^^*- 1  shadow.  After  u  while,  however,  it  will  reappear  (rom  the 
idow  some  little  distance  to  the  left  of  the  planet ;  this  phe- 
bomenon  is  called  nn  ii-lipue  mi/rpenranfe.  In  the  case  of  the  outer 
'L'llites,  it  may  aometinies  liiippen  that  they  are  visible  for  a  short 
le  alCer  lliey  emerge  from  beliiml  the  disk  and  before  they  enter 

These  different  »p]WHrariceB  are,  tor  convenience,  represented  in 
the  figure  OS  corres|Mmding  to  different  positions  of  Jupiter  m  his 
orbit,  the  e>.rth  hiiviug  the  uune  position  in  uU  ;  but  since  JiipiUr 
teTolvn  Hround  Ihe  sun  only  once  in  twelve  years,  the  changes  of 
tcUtlve  IKMition  rcslly  corrffi>ond  (o  difleri'Ql  posilious  of  the  earth 
hi  its  orbit  during  the  coume  of  Ihe  year. 

Tlw  talelliles  complclt'ly  disap)>car  from  telescopic  view  when 
the;  rntrr  the  shadow  of  the  planet.  This  seems  to  show  that 
nellber  pl*net  nor  astellite  is  self-luminous  to  any  great  extent.  If  the 
ntcllSte  were  selMuminous,  it  would  be  seen  by  its  own  light,  and 
if  the  planet  were  lupiinous  the  satellite  might  b«;  seen  by  the  re- 
llircted  light  of  the  planet. 

Tile  motions  of  theae  objects  are  connected  by  two  rurioua  and 
importaut  relationa  discovered  by  La  Place,  and  expressed  us  fol- 
low*: 

1.  Tie  meiin  tiutlioii  of  the  fnt  eaUlUte  niidtd  l<i  tiriee  the  mean 
ni'itimi  of  the  third  it  etactly  equal  to  three  timei  the  mean  motion  of 
tit*  txond. 

n.  I/to  Ihe  mean  lonffitvtle  nf  the  first  entelltle  ire  add  tieiee  the 
wuan  longitude  of  Ihe  third,  anA  nuUrnet  three  timet  the  mean  longitvde 
tfthetteimd,  the  differenee  ii  niaayt  180°. 

The  Arat  of  these  relations  is  shown  iu  Ihe  following  luhle  of  the 
newi  daily  motions  of  (hu  satellites: 


Three  liniei  motion  of  Silellile  11 

..   ,     304-1244 
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Obwrvations  showed  that  this  condition  was  fiil^lkd  as  cxnctljr 
IS  possible,  but  the  discovery  of  La  Place  consisted  in  showing  that  . 
if  the  Bpproxiiuate  coincidence  of  the  mean  motiona  was  once  es-  ' 
tahliahed,  they  could  never  deviate  from  enact  coincidence  with 
the  Inw.  The  case  ia  analogous  to  that  of  the  moon,  which  always 
precents  the  same  face  to  us  and  which  always  will  since  the  rela- 
tion being  oucc  approxinuitely  true,  it  will  become  txact  and  evei 
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Tlic  discover;  of  the  Rmdual  propagation  of  lic;ht  b;  meiniN 
Uiew  utrllites  "Iubs  alreaily  be«n  deswibed,  and  it  ha*  alio  bwo  a 
plMDcd  th&t  thej  uf  of  use  in  the  rough  determiiutioii  al  totgi* 
tudcs.  To  fKilitale  ibeir  obwrvation,  the  Nauticai  .Umuiv  ^vo 
complete  ephemerides  of  their  plieDotnena.  A  specimen  o(  i  p«-  " 
tion  of  such  an  ephemetis  for  1865.  March  Ttb,  8th,  and  Itth.  H 
added.  The  limes  arc  Washington  nicon  times.  The  ietl«i  If" 
dicaira  that  the  phenomenon  is  viaible  in  Washingtoii. 

1S66— March. 


«.  A.  -■   .m 

I. 

Erlipse 

Disapp. 

T    18   37  38'd 

I. 

Occult. 

Beapp. 

7   ai   5«       ■ 

III. 

SI.>dow 

IngreBB 

B     7    27        ■ 

in. 

Shadow 

Bg«« 

8      B    S8         ■ 

III. 

Trandt 

In^reaa 

8    18    81        ■ 

II. 

EclipM 

Diaapp. 

8    18     1  tt-n 

OL 

Ttanait 

EgnST 

W. 

8    15      0         1 

H    U- 

EcUpM 

Reapp, 

W. 

8     15    M    11-t" 

^^ 

Occult 

DiMpp. 

w. 

8    15    37 

■    1- 

Shadow 

Ingresa 

w. 

8    IS    43 

■    '- 

TranaU 

8     10    .W 

■    I. 

SiiaHow 

8     17    57 

■»- 

OKUlt. 

Hwpp. 

8     IT    59 

■   1- 

Toiirit 

EKrria 

8     Ifl     13 

■    I 

Ecllpae 

Dianpp. 

U     \l    55    594 

P    -^ 

Ocioll. 

Kf.pp. 

w. 

B     16    33 

Suppo^  an  observer  near  New  York  City  to  have  determined  hi) 
local  time  accuralely.  This  is  nbout  XS"  faster  than  Washington 
time.  On  1865,  Murch  8th.  he  would  Inok  for  the  reappearance  of 
II  at  about  15*'  34'*  of  his  local  timu.  Suppose  he  observed  it 
at  15^  SG"  23"7  of  his  time  :  then  his  meridian  is  12"<  11"& 
east  of  Washington.  The  difficulty  of  observing  these  eclipsei  wilh 
accuracy,  and  the  fact  that  the  aperture  of  the  telescope  employed 
has  an  important  effect  on  the  appearances  seen,  have  kept  thii 
method  from  a  wide  utility,  which  it  at  first  seemed  to  promise. 

The  apparent  diameters  of  these  satellites  have  been  measured  by 
STKtnrK,  Ssccur,  and  others,  and  the  best  results  are : 

I,   r'O;  II,  0' -B;  III,   l"-5;  IV,   1"3. 

Their  mnsses  {JapUfr=l^  are  : 

I,  0000017;  11.  O0OC038;  HI,  0  000088;  IV,   0-00OO43. 

The  third  satellite  is  thus  the  largest,  and  it  has  about  the 
aitj  of  the  planet.     The  true  diameters  vary  from  2200  to 
miles.     The  volume  of  11  is  ubout  thot  of  uur  moon  ;   Ili  approaches 
OUT  earth  in  size. 

Variations  in  the  light  of  these  bodies  have  constantly  been 
noticed  which  have  been  supposed  to  be  du«  to  the  fact  that  Ihey 
turned  on  Ibeir  axes  once  in  a  revolution,  and  thus  preeented  various 
faces  to  us.  The  recent  accurate  photometric  meiisurcs  of  Enoki.- 
MuiB  show  that  this  hypothesis  will  not  account  for  all  the  chniigei 
observed,  some  of  which  appear  to  be  quite  sudden. 
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SATUBN   AND   ITS    SYSTEM. 


g  1.    QEirEBAI.  DESCRIPTION. 

Saturn  is  the  moet  diBtaiit  of  tlie  major  planctB  Imomi 
to  the  luicients.  It  revolves  around  the  suu  in  20j  ye^r^. 
at  a  mean  dUtance  of  nearly  I,5lKl,tKH),(K)0  kiloinL-trt-s 
(89(),000,(>OI>  iiiilef).  The  angnlar  diameter  of  the  hall  of 
the  planet  is  al>out  H>'-2,  <!4jn-eepondiDg  to  a  tmc  iliam- 
etcr of  ahout  1 10,tXM1  kilometres  (70,5U()  miles).  Its  dltni- 
eter  ia  therefore  nearly  nijie  times  and  ite  toIuuic  nbont 
700  times  that  of  the  curtli.  It  is  rcmarkahle  for  its  eniall 
density,  wliich,  so  far  as  known,  is  leea  titan  tliat  of  any 
other  heavenly  body,  and  even  leas  than  that  of  water. 
Conseqaently,  it  cannot  lie  composed  of  rocks,  like  tlia 
wliich  form  our  earth.  It  revolves  on  its  axis,  atrcnrdin^ 
to  the  recent  <ihservations  of  Professor  Hall,  in  lt»^  1 
24*,  or  less  than  half  a  day. 

Saturn  is  jterhaps  the  most  reinarkahlc  planet  in  the  a 
I.ir  Bystem,  Iwiny  itself  the  centre  of  a  system  of  its 
altc^ther  unlike  any  thing  else  in  the  lieavens.     Its  iiiel 
noteworthy  fealnre  is  seen  in  a  pair  of  rings  which 
raniid  it  st  a  considerable  distance  from  the  planet  itsC 
Outside  of  these  rings  revolve  no  less  than  eight  satellitH^* 
or  twice    the  greatest  number  known  to  surround  any 
other  plimet.      The  planet,  rings,  and  satellites  are   alto- 
gether called  the  StUiimian ni/tiCetn.     Tliegeneral  apjtQ 
ance  of  this  systcni,  a£  seen  iu  a  small  telesco|K:,  isshii^ 
ill  Fig.  95. 


ASPECT  OF  SATOliN. 

!Ee  Halted  eje,  Satui'n  is  of  a  dull  yellowish  color, 
ning  with  alx>ut  the  brilliancy  of  a  star  of  the  first  mag- 
nde.  It  varies  in  brightnesB,  however,  witii  the  way 
rliicli  its  ring  is  seen,  being  brighter  the  wider  the  ring 
Kara.  It  comes  into  opposition  at  intervals  of  one  year 
1  from  twelve  to  fourtetm  days.  The  following  are  the 
les  of  some  of  tlicse  oppofiitions,  by  wtiidying  which  one 
1  be  enabled  to  recognize  the  planet : 


FlO.  fli!. — TB1.KHCOP1C    VIKW    OP  THK  BATruMAN    BTSTBM. 


1879 (Jctober  5th. 

1880 Octotier  18th. 

1881 OrtoherSlat. 

1882 November  14th. 

1883 November  28tli. 

1884 December  11th. 

IhiringtheBC  years  it  will  be  liest  seen  in   the  auhunn 
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AVUcH  rittwevl  witli  ft  teU-seopo.  Uie  pliy»ii-a]  sy;v«(™F« 
of  ihe  IwU  i>(  Solum  ie  quite  Kiniilar  to  tiuit   . 
laving  light  iwl  diirk  belu  pAnllel  to  tlic  dirt  ' 

rvUlioH.     Bui  theae   cloud-like  belts  are  very  ^..: 

(«e,  kihI  6o  indistinct  that  it  is  not  eavy  to  dctcrmtaa  tii£ 
li:no  of  rotation  from  thcni.  This  has  been  done  Itv  oIi 
curving  the  rcTotutiott  of  bright  or  dark  spots  wliich  oppui 
nn  tho  planet  on  very  rare  o 


S  3.    THB  BnrOS  OF  SATUBIT. 

The  ring!i>  are  the  most  remarkable  and  characterifii' 
featiire  of  the  Satumian  system.  Fig.  9fl  gives  two  riew; 
of  tho  ball  and  rings.  The  upper  one  shows  one  vt  Uieir 
aspects  a^  actnoliy  preaentcil  in  tho  teleacc^ieT  utd  tli'' 
lower  one  ehows  wiiat  the  appcaranro  wouttl  be  if  iIjc 
planet  were  viewed  from  a  direction  at  right  anglr«  Ici  tli? 
plane  of  the  ring  (which  it  never  can  be  from  the  i»rth\ 

The  first  telescopic  oheervere  of  Silurn  vrvrn  unable  to 
see  the  rings  in  their  true  form,  and  were  greiitly  per- 
plexed to  acconnt  for  tho  appearand!  which  the  planet 
preeentod,  Galileo  described  the  planet  as  "  tri -corpo- 
rate." tho  two  ends  of  the  ring  having,  in  his  imperfect 
telescope,  the  appearance  of  a  pair  of  small  ptaneta  at- 
tached to  the  central  one.  "  On  each  side  nf  old  Saturn 
were  servitors  who  aided  him  on  his  way. "  Thie  enp- 
poeed  discovery  was  announced  to  his  friend  Kkplek  in 
the  following  logogriph  : 

limaismrmihnepoetalevniihnnenugttBvirus,  which,  l)ein^ 
transposed,  heeouies— 

"  Altisiiiinuiii  plunetuin  tcip'ininum  obaorvavi"  (I  have 
observed  tho  must  distant  planet  to  be  triform). 

The  phenomenon  constantly  remained  a  mystery  to  its 
first  observer.  In  1(510  he  had  seen  the  jilanct  accompa- 
nied, as  he  supposed,  by  two  latvrul  sfatrB;  in  lfil2  the 
latter  had  vaniehed,  and  (he  central  body  alone  remained. 
Aftur  that  Gaulku  ceased  to  observe  Saturn. 
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T)ie  appeariincefi  of  tlie  ring  were  also  inconij>reh« 
to  Heveutb,  (lASfiENui.  an<]  others.  It  was  not  nnnl 
IfiSS  (after  Bevwi  vears  of  ob«er%-atioQ}  that  the  ctJt;hr»ie<l 
HtnfoHESs  discovered  the  true  explanation  of  the  reniarV- 
ahle  and  recurring  series  of  phenomena  present  bv  the  tri- 
corjwrate  planet. 

He  announced  liU  eontdiisiune  in   the  following  log 

"  aasjuta  ckcix  d  eeeee  g  h  iiiiiil  lill  mm  ' 
oooo  pp  q  rr  B  ttttt  ununii, "  whicli,  when  arranged,  l< 

"  Annnlo  cingitor,  tenni,  piano,  nasqaam  t 
i*d  I'clipticiini  iiKilinato"  (it  is  girdled  liy  a  thin  pi 
nowhere  touching,  inclined  to  the  ecliptic). 

This  description  is  complete  and  accurate. 

In  lft<i5  it  was  found   by  Ball,  of  England,  i 
IltnoiiKNS  had  seen  as  a  siojlc  ring  was  really  t 
ilivieion  extended  all  the  way  around  ne&r  tUc  (mME  • 
Tliis  division  is  fhuwn  in  the  figurce. 

In  lH,VithcMc^ni.  Bond,  of  Camhridgc,  found  tbalrll 
was  n  thinl  rin^;.  of  a  diuiky  and  nobnlous  aspect,  ( 
the  other  two,  or  rather  attached  to  the  inner  ed^  d 
inner  Hug.  It  is  therefore  known  as  BoniPt  duekm  T 
It  liad  not  been  bcforu  fully  described  owing  to  ibl  d 
neea  of  color,  which  made  it  a  difficult  object  to  sece 
with  a  good  telefino])e.  It  is  not  separated  from  the  li 
ring,  but  seems  as  if  attached  to  it.  The  latter  sh&desa 
toward  its  inner  edge,  which  merges  gradually  into  I 
dusky  ring  so  ns  to  make  it  difficult  to  decide  prccisd 
where  it  ends  and  the  duefey  ring  begins.  The  Utter  4 
tends  ahont  one  half  way  from  the  inuer  edge  of  I 
bright  ling  to  the  ball  of  the  planet. 

Aspect  of  the  Binga.  —As  •'itilvrn  revolves  aniund  I 
sun,  the  plane  of  tliu  rings  remains  parallel  to  itself, 
is,  if  we  consider  u  straight  line  passing  through  the  oevi. 
of  the  planet,  perpendicular  to  the  plane  of  the  ring,J 
the  axis  of  the  latter,  this  axis  will  ulwa^-s  point  in 
same  direction.     In  this  respect,  the  motion  is  siiuilar  \ 
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that  of  the  earth  around  the  sun.  The  ring  of  Saturn  is 
im-Iined  about  27°  to  the  plane  of  its  orbit.  Conse- 
quently, ae  the  planet  revolves  around  the  euii,  there  is  a 
change  in  the  direction  in  which  the  eun  ehineB  npon  it 
wmilar  to  that  whicli  produces  tlie  change  of  aeasous  upon 
tfie  earth,  ae  shown  in  Fig,  iU,  page  109. 

Tlie  corrtsponding  changes  for  Saturn  are  shown  in 
Fig.   87.     During  each  revolution  of  Saturn  the  plane 


I 


of  tlie  ring  paeeee  through  the  sun  twice.  This  occurred 
in  the  years  1862  and  18TS,  at  two  opposite  points  of  the 
orbit,  as  shown  in  the  figure.  At  two  other  points,  mid- 
way between  these,  the  sun  shines  upon  tlie  plane  of  the 
ring  at  it«  greatest  inclination,  about  27°.  Since  the  earth 
is  little  more  than  one  tenth  aa  far  from  the  enn  as  Sat- 
urn is,  an  observer  alwaj-s  seca  StUtirii  nearly,  hut  not 
(jnite,  as  if  he  were  upon  the  sun.     Hence  at  certain  times 


358  ASTROXOMF. 

Uie  rings  of  Sa/wm  are  seen  edgewaj-s,   while  at 
times  tliey  are  at  as  inclination  of  £7",  the  aspect  *le] 
iag  upon  the  position  of  the  planet  in  its  orbit, 
lowing  art!  the  timt-s  of  some  of  the  phases  : 

lS7t*,  February  7Ui.— The  edge  of  the  ring  was  turned 
tOM-ftrd  tlie  &nn.  It  eonld  then  be  eceii  odIj-  ns  a  tlun 
hitc  of  light. 

1885,— The  planet  havingnioved  forward  QO*^,  the  omth 
aide  of  the  ringt>  inny  he  sevii  at  au  inclination  of  27°- 

1891,  Deceiiil»er. — The  planet  having  moved  90°  far- 
ther, Uie  edge  of  the  ring  is  again  turned  towan^  the  sua 

]  89il. — Tlie  nortli  side  of  the  ring  is  inclined  toward  the 
sun,  mid  is  seen  at  ite  greatest  inclination. 

The  rings  are  cxtrt-mely  thin  in  proportion  to  their  ex- 
tent. Ttings  eiit  out  of  a  large  news[>aper  would  have  mndi 
the  Kune  proportions  as  thoiie  of  Saturn.  Coiieeqnentlj. 
when  their  edges  are  turned  toward  the  earth,  they  appeir 
as  H  thin  lino  of  Hght,  which  can  he  seen  onlv  with  power- 
ful telescopes.  With  such  telescopes,  the  planet  appears 
as  if  it  were  pierced  tliroiigh  by  a  piece  of  very  line  wire, 
the  ends  of  which  project  on  each  side  more  than  the  diam- 
eter of  the  planet.  It  haa  frequently  Ixjen  reinarkeil  that 
this  appearance  is  seen  on  one  side  of  the  planet,  when  no 
trace  of  the  ring  can  lie  seen  on  the  other. 

There  is  sometimes  a  period  of  a  few  weeks  daring 
whicli  the  plane  of  the  ring,  extended  outward,  passes  be- 
tween the  sun  and  the  earth.  Tliat  is,  tlie  enn  shines  on 
one  side  of  the  ring,  while  the  other  or  dark  side  is  turned 
toward  the  earth.  In  this  cnsc,  it  seems  to  Ixj  estabhshed 
that  only  the  edge  of  the  ring  is  visible.  If  this  be  so. 
the  eul>staiiee  of  the  rings  cannot  be  transpai-ent  to  tlw 
sun's  rsys,  else  it  would  be  seen  by  the  light  which  pa^^| 
through  it.  ^^M 

PoBBlblo  Changea  in  the  Bings.-In  1851  Otto  Stri^b  pro- 
pounded B  ;u)tL'Worthy  theory  of  changes  going  on  in  the  ring!  of 
^(um.  From  all  the  descriptions,  fluurea,  and  meiiBures  ^ven  by 
the  older  astronomers,  it  appeared  that  two  liundred  ypu«  ago  Um 
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tween  the  planet  and  the  inner  riog  was  at  least  equal  to 
lined  breadth  of  the  two  rings.  At  present  this  distance 
'»  less  than  one  hulf  of  this  breadth.  Hence  Stbuvb  concluded  that 
he  inuer  ring  was  widening  on  the  inside,  so  that  its  edge  had  been 
approaching  the  planet  at  trie  mte  of  about  1''3  in  a  century.  The 
.gpMX  between  the  planet  and  the  inner  edge  of  the  bright  ring  is 
BOW  about  4',  so  that  if  Stsdve's  tlieorj  were  true,  the  inner  edge 
■of  the  ring  would  actually  reach  the  planet  about  the  year  3300. 
'2{ot  with  standing  the  amount  of  evidence  which  Struve  cited  in 
fovor  of  his  theory,  astronomers  generally  are  incredulous  respecting 
the  realtly  of  so  extraordinary  a  change.  The  measures  necessary 
to  aetlle  the  question  are  so  difficult  and  the  change  is  so  flow  that 
some  time  must  elapse  before  the  theory  can  be  estabtislied,  even  if 
it  18  true.      The  measures  of  Kaiser  r.-nder  this  doubtful. 

lUiadowofFlaiiet  and  Hing.— With  any  good  teksoope  it  ia 
easy  to  observe  both  the  shadow  of  the  ring  upon  the  bull  of  Satvm 
Mid  that  of  (he  ball  uj»n  the  ring.  The  form  which  iIil'  shadowt 
preaent  often  appears  aifferent  from  that  which  the  shudow  ought 
to  have  according  to  the  geometrical  conditions.  These  diSerences 
probably  arise  from  irradiation  and  other  optical  illusions. 

Conatitutiouof  theBingBof  Satum.—The  nature  of  these 
objects  has  been  a  subject  both  of  wonder  and  of  investigation  by 
nuthematicians  and  astronomers  ever  since  Ihey  were  discovered! 
They  were  at  hrst  supposed  to  be  solid  bodies  ;  indeed,  from  their 
Bppciirance  it  was  diificuli  to  conceive  of  them  aa  anything  elae. 
iTie  question  then  arose  :  What  kecjw  them  from  falling  on  tho 
planet  i  It  was  shown  by  La  Flice  that  a  homogeneous  and  solid 
ling  surrounding  the  planet  could  not  remain  in  a  state  of  equili- 
brium, but  must  be  precipitated  upon  the  central  ball  by  the  small- 
est disturbing  force.  Hkkschel  having  thought  that  lie  saw  cei- 
tun  irregularities  in  the  figure  of  the  ring,  La  Place  conduded  that 
the  object  could  be  kept  in  equilibrium  by  them.  He  simply  aft- 
•luned  this,  but  did  not  attempt  to  prove  it. 

About  18fiO  the  investigation  was  again  begun  by  Professors  Boin> 
■nd  pEincE,  of  Cambridge.  The  former  supposed  that  the  rings 
could  not  be  solid  at  all,  because  they  had  sometimes  shown  signs  of 
being  temporarily  broken  up  into  a  lar^e  number  of  concentric 
rings.  Although  this  was  probably  an  optical  illusion,  lie  concluded 
that  the  rings  niust  be  liquid.  Professor  Peirce  look  up  the  prob- 
lem where  La  Placb  had  left  it.  and  showed  that  even  an  irregular 
wild  ring  would  not  be  in  equilibrium  about  Saturn.,  lie  therefore 
adopted  the  view  of  Bond,  that  the  rings  were  fi-jid  ;  but  finding 
that  even  a  fluid  ring  would  be  unstable  without  a  support,  he  sup- 
posed that  such  a  suppori  might  be  furnished  by  ttie  satellites. 
This  view  haa  also  been  abandoned. 

It  is  now  established  beyond  reasonable  doubt  that  the  rings  do 
not  form  a  continuous  maas,  hut  are  really  a  countless  multitude  of 
mull  separate  particles,  each  of  which  revolves  on  its  own  account. 
These  satelUtes  are  individually  far  too  small  to  be  seen  in  any  tele- 
Kope,  but  BO  numerous  that  when  viewed  from  the  distance  of  tha 
earth  they  appear  as  a  continuous  mass,  like  particles  of  dust  doat- 
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iag  Id  a  miibeaBL  Thu  tlworj  was  llm  proponoded  bf  CJk■n^ 
of  PwiSi  la  1715.  It  had  beoi  forgotten  for  a  centmy  oraon^ 
when  it  waa  leriTod  by  Profenor  Clbrk  Maxwbu.  in  1891.  Tte 
latter  pabUshed  a  pral^rand  mathematical  diaciurion  of  the  vMi 
question,  in  which  he  ihowa  that  this  hypothesis  and  thii  tkM 
wonld  account  for  the  aroearanoes  presented  by  the  rings. 
KAiaBn*s  measures  of  tne  dimensions  of  the  Satumian  system  tie : 

BALL  OP    BATDBH. 

Equatorial  diameter 17-'<74 

Polar  "        1.VW 

BINOa. 

Major  axis  of  outer  ring 39*'47t 

**      "     ''  the  great  diTision 84-'»7 

•*     "  the  mner  edge  of  ring 2i'85» 

Width  of  the  ring 5-r  " 

Dark  space  between  ball  and  ring 5-'S 


§  3.    SATEIalilTES  OF  SATUBK. 

Outside  the  rings  of  Saturn  revolve  its  eight  satelh'tes, 
the  order  and  discovery  of  which  are  shown  in  the  following 
table  : 


DU<taucc 

No. 

1           Namk. 

1 

from 
Planet. 

I>iaco?«i«r. 

DAieoTDlM^oveiy. 

1 

MiiusR. 

3-3 

Herschel. 

1789,  September  IT. 

2 

Enee  Indus. 

48 

Herachel. 

1789.  August  38. 

8 

Tethya, 

5  3 

Cassiui.- 

1684.  March. 

4 

Dioue. 

6-8 

Cassini. 

1684.  March. 

5 

Rhea. 

0-5 

Cassini. 

1673,  December  S3. 

6 

Titan. 

207 

Hujffheos. 
Bond. 

1655.  March  25. 

7 

Hyperion. 

068 

1848,  September  16 

8 

jM{>etUH. 

64. 4 

Cassini. 

1671.  October. 

The  distances  fi'oni  the  planet  are  given  in  radii  of  the 
latter.  The  satellites  Mimas  and  Hyperion  are  visible 
only  in  the  most  powerful  telescopes.  The  brightest  of 
all  is  TUafij  which  can  be  seen  in  a  telescope  of  the  small- 
est ordinary  sixe.     Japettts  has  the  remarkable  pecnliaritj 
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>f  appearing  nearly  as  bright  a8  Ittan  when  seen  west  of 
she  planet,  and  so  faint  as  to  be  visible  only  in  large  tel- 
sscopes  when  on  the  other  side.  This  appearance  is  ex- 
plained by  supposing  that,  like  our  moon,  it  always  pre- 
sents the  same  face  to  tlie  planet,  and  that  one  side  of  it  is 
black  and  tlie  other  side  white.  When  west  of  the  planet, 
the  bright  side  is  turned  toward  the  earth  and  the  satellite  is 
visible.  On  the  other  side  of  the  planet,  the  dark  side  is 
turned  toward  us,  and  it  is  nearly  invisible.  Most  of  the 
remaining  five  satellites  can  be  ordinarily  seen  with  tele- 
Bcoi^es  of  moderate  power. 

The  elements  of  all  the  satellites  are  shown  in  the  fol- 
lowing table  : 


Satci.litk. 


Mean 

Mt-nn  DBiljr       Diiftancc 
Motion.  from 

Saturn. 


Longitude;     Vooou        lnclina- 
of  f.^:\"'    :     » ion  to 

Peri-Sat.  I    "'cii).    ,  Ecliptic. 


:Ix>Dgitade 
'        of 
'     Node 


Mimas i  a8M).j3 

Enc(lu<lu8.  2(S2-721 

Tetlivs...    I  1900977:] 

Diaiit* 131-5:i49:{0 

Rhea ■  79-690210 

Titaii I  22-5;7033 

Hy|>erioii..:  10  914 

Ja)>etu8...  4-538080 


I 


42 .  70 

54  60 

70- 12 

17675 

214-22 

514-04 


o      / 
•; 

V 

-/ 
•/ 

V 

257.16 

40-00 

351-25 


0280 

12-') 

0282 


2.S 
28 
28 
28 
28 
27 
28 

18 


00 
00 

II) 
10 

II 

(H) 
44 


108 
108 
107 
167 
106 
167 
108 

142 


00 
00 
38 
38 
34 
50 
00 
53 


CHAPTER    IX. 

THE  PLANET  UKANUS.  I 

UraniM  was  discovered  on  Marcli  13th,  1781,  by  Sir 
William  Hkbschel  (then  ao  amateur  obeerver)  with  i 
ten-foot  reflector  iiiadp  by  bimaelf.  He  was  examining* 
portioti  of  the  sky  mmt  H  Geminorum,  wbcQ  one  of  ite 
Btare  in  the  licld  of  view  attracted  hie  notice  bv  its  pi*n- 
liar  appearance.  On  further  BtTuliiiy,  it  proTed  to  luiven 
planetary  disk,  and  a  motion  of  over  2'  per  hour.  He*- 
(icHEi.  at  tirtit  supposed  it  to  be  a  comet  in  a  distant  put 
of  ita  orbit,  and  under  this  iirpreesion  parabolic  orbit* 
were  computed  for  it  by  various  matheuiatician&.  None 
of  these,  however,  satisfied  s;d)sequeut  obeervati'ous, 
and  it  was  finally  announcL'd  by  Lexell  and  Li  Place 
that  the  now  bi>dy  was  a  planet  revolving  in  a  nearly 
eireolar  orbit.  We  can  scarcely  comprehend  now  tlie 
enthusiasm  with  which  tliia  discovery  was  received.  No 
new  body  (save  comets)  had  buen  added  to  the  solar  system 
since  the  dific«)very  of  the  third  satellite  of  .Sii^ufvi  inlOSi. 
and  all  the  major  planets  of  the  heavens  bad  l»eea  known 
for  thousands  of  years. 

Herschix  sQggested,  as  a  name  for  the  planet,  G«ot- 
giuvi  Sidw,  and  even  after  1800  it  was  known  in  the  Eng- 
lish Nautical  Aimaruic  as  the  Georgian  Planet,  Lalakdk 
^•"KK^s'ed  ffer/fcfiel  as  its  designation,  but  this  was  jndged 
Uh}  personal,  and  finally  the  name  Uranun  was  adopted, 
Its  symbol  was  for  a  time  written  y,  in  recognition  of  the 
name  proposed  by  Lai.andk.  ^ 

Uranus  revolves  about  the  sun  in  84  yeare. 

fae  aeeu  from  the  earth  varies  Uttle, 


Itsap^fl 
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about  3'-9.    Ita  true  diameter  is  about  50,000  kilometrea, 
•iid  its  fignre  is,  so  far  as  we  jet  know,  exactly  spherical. 

In  phjBical  appearance  it  is  a  small  greenish  disk  with- 
out markings.  It  \6  possible  that  the  centre  of  the  disk  is 
iliglitly  brighter  than  the  edges.  At  its  ueai'est  approach 
to  the  earth,  it  sliines  as  a  star  of  the  sixth  magnitude, 
and  is  just  visible  to  an  acute  eye  when  the  attention  is 
directed  to  its  place.  In  small  telescopes  with  low  pew- 
its appearance  is  not  markedly  difierent  from  that  of 
•t&fB  of  about  its  own  brilliancy. 

It  is  customary  to  speak  of  HEKacHEf.'s  discovery  of 
Uranui  as  an  accident ;  but  this  is  not  entirely  just,  as 
'•U  conditions  for  the  detection  of  sncli  an  object,  if  it  ex- 
were  fulfilled.  At  the  same  time  the  early  identifi- 
oation  of  it  as  a  planet  was  more  easy  than  it  would  have 
been  eleven  days  earlier,  when,  as  Ajiago  points  out,  the 
plaaet  was  stationary. 

Sir  William  Herschel  suepecterl  that  Urmms  was  ac- 
companied by  sLx  sateUites, 

Of  the  existence  of  two  of  these  satellites  there  has 
never  been  any  doubt,  as  they  were  steadily  observed  by 
Heksohbl  from  1787  until  18H',  and  by  Sir  John  Heb- 
6CHKL  during  the  years  1828  to  1832,  as  well  as  by  other 
later  observers.  None  of  the  other  four  satellites  de- 
acribed  by  Hebs<:hkl  have  ever  been  seen  by  other  ob- 
1,  and  he  was  undoubtedly  mistaken  in  supposing 
them  to  exist.  Two  additional  ones  were  discovered  by 
Lassell  in  1847,  and  are,  with  the  satellites  of  Mara,  the 
faintest  objects  in  the  solar  system.  Neither  of  them  is 
identical  with  any  of  the  missing  ones  of  Hkbscuel.  As 
Sir  William  Hebscukl  had  anspeeted  six  satellites,  the 
following  names  for  the  true  satelHtee  are  generally  adopt- 
ed to  avoid  confusion : 

I,  Ariel. Period  =    2-  520383 

II,    dinbrid "     =    4-144181 

ni,    rtfrmia,  Hkeschel's  (IT.) "     =    8-70; 

IV,    OAwn,  Hkbstkkl's  (IV.) '■     =13-468369 
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It  is  an  iittereatini;  question  whether  the  obeervatifll 
which  Ueksciikl  afisigned  to  his  suppoeititioos  BatcLViIe  I 
inaj  not  lio  t-unipoeed  of  ohservations  sometimes  of  Arid, 
soiiicliintM  of  L'mhrifl.  In  fi»ct,  oat  of  nine  suppcee^ 
obsorvationa  of  I,  one  case  alone  was  noted  b;  Uekciiel 
in  which  his  positions  were  entirely  trnstwortiiv,  and  on  | 
this  night  Utnbrirl  was  in  the  poeition  of  his  snppoeed  \ 
Kateltite  I. 

It  is  likelj  thut  Arisl  y&rioB  in  hrightness  un  different 
i<4dcs  of  the  planet,  and  the  Mime  phenomenon  1ia«  also 
\men  suspected  for  TUania. 

The  most  rcmnrkHbla  feature  of  the  satelliten  of  Urann  JsUut 
tliL-ir  urbiw  arc  nearly  perpendicular  to  ilic  ecliptic  ii^stewl  of 
bavjnf;  a  small  iocUnatioa  la  that  pitine,  likv  tlinse  of  nil  tlic  orbiti 
of  both  {ilaoets  and  satellitps  prof  inusly  bnowu.  To  furm  n  correct 
idfin  of  (he  positiiin  of  tlif  orbilH.  wc  must  imagine  them  lipped  orer 
until  iheir  north  pult'  \i  nearly  U*  liclow  tlif  ecliptic,  iosleud  of  UO* 
above  it.  The  pL>]e  of  lliu  urbit  whicli  should  \ic  cuiisiilt^nd  astW 
north  one  is  that  froiD  whii-1),  if  nn  observer  look  donn  upon  a  n> 
Tolving  body,  the  latter  would  %wxa  to  turn  in  a  direction  opjn^tc 
that  of  the  hands  of  a  naiHi.  When  the  orbit  is  tipped  over  ni'tv 
than  a  right  ang^le,  the  motion  from  a  point  in  tlic  direction  of  the 
north  ]tole  of  the  ecliptic  will  seem  to  be  the  revene  of  this  ;  it  li 
therefore  sometimes  considered  to  be  rrtm^radr.  This  term  is  frr- 
(|ucntly  applieil  to  the  motion  of  the  satellites  of  Urnna*,  but  ti 
rather  misleading,  sinee  the  motion,  being  nearly  perpendionlAt  to 
■  he  ecliptic,  19  not  exactly  expressed  by  the  term. 

The  four  satellites  move  in  the  same  plane,  so  tar  as  the  most  re- 
tlncd  obeervationa  have  ever  shown.  This  fact  renders  it  Ughlj 
protMble  that  the  planet  Uranu*  resolves  on  its  axis  in  the  Mine 
plane  with  the  orbits  of  the  aateltites,  and  is  llierefore  an  oblala 
spheroid  like  the  earth.  This  concluflion  is  founded  on  the  consid' 
oration  that  if  the  planes  of  the  satellites  were  not  kept  together  bj 
some  cause,  they  would  gradually  deviate  from  each  other  owing  to 
the  attractive  force  of  the  sun  upon  the  planet.  The  different  satel- 
liles  would  deviate  by  different  amounts,  and  it  would  be  extremely 
irnprobable  that  all  the  orbits  would  at  any  time  be  found  in  Ilie 
B.imo  plnne.  Bince  wo  see  them  in  the  same  plane,  we  conclude  tl 
aome  force  koepe  them  there,  and  the  oblateness  of  the  planet  « 
caoae  such  a  force. 


CHAPTER    X. 

THE   PLANET   NEPTUNE. 


After  the  planet  Uranus  Lad  been  observed  for  some 
thirtv  years,  tablea  of  its  motion  were  prepared  by 
BurvABi>.  lie  had  as  data  available  for  thia  piirposo  not 
only  tlie  observations  sinnc  1781,  but  also  observations 
made  hy  Le  Monnier,  Flamsteed,  and  others,  extending 
'Inck  an  far  as  1695,  in  wliich  the  planet  was  observed  for 
■  fixed  Btar  and  bo  recorded  in  their  hooks.  As  one  of 
:tbe  chief  ditticulties  in  the  way  of  obtaining  a  theory  of 
tlio  planet's  motion  was  the  ehort  period  of  time  during 
Thich  it  had  been  regularly  observed,  it  was  to  bo  sup- 
posed that  these  ancient  observations  would  matenally  aid 
in  obtaining  exact  accordance  between  the  theory  and  oh- 
Bervation.  But  it  was  found  that,  after  allowing  for  all 
perturbations  produced  by  the  Icnown  planets,  the  ancient 
tad  modern  observations,  though  undoubtedly  referring  to 
the  aame  object,  were  yet  not  to  be  reconciled  with  each 
other,  but  differed  systematically.  BcurvAun  was  forced 
to  omit  the  older  observations  in  hia  tables,  which  wcra 
published  in  1820,  and  to  found  liia  theory  upun  the 
modem  ol>aervations  alone.  By  so  doing,  lie  obtained  a 
good  agreement  between  theory  and  the  observations  of 
Uie  few  years  immediately  succeeding  1820. 

BouvABD seems  to  have  formulated  the  idea  that  a  possi- 
ble cause  for  the  discrepancies  noted  might  be  the  exist- 
ence of  an  unknown  planet,  but  the  meagre  data  at  hia 
disposal  forced  him  to  leave  the  subject  untonchcd.  In 
1830  It  was  ioaoA  that  the  tables  which  represented   tho 
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Diotioti  of  the  planet  well  in  1S20-  25  were  20'  la  error, 
1841)  thp  error  was  itO*,  and  iu  1845  it  was  over  12'V. 

These  prognteive  and  svBteruatic  eliaii^res  attmneiltbe 
attention  ot  aatronomcrs  to  tlie  Biibject  of  tlio  ihevrrul 
the  motion  of  Uranus.  The  actnal  discrepancj- (l:i"'|ia 
1M5  was  not  a  quantity  large  in  itself.  Two  elurs  of  tlie 
magnitude  of  I'nmtm,  and  BOparated  by  only  ISO',  wouU 
be  seen  as  one  to  the  unaided  eye.  It  was  on  aecoaut  of 
its  systematic  and  progressive  increase  tbat  suspicion  vu 
oxcitcd.  Several  astrotiotners  attacked  tbe  problem  in  vui- 
oas  wave.  Tlie  e)der  Steuvk,  at  Pulkova.  proswnted  a 
search  for  a  new  planet  along  with  bis  double  star  oLser- 
vaUuDS  ;  Bebsel,  at  Koenigeberg,  eut  a  student  of  his  own, 
Flemtno,  at  a  new  comparison  of  observation  witii  thco- 
r}-.  in  oi-der  to  furnish  data  for  a  uew  detemiination : 
Araco,  tiien  Director  of  the  Observatory  at  Paris,  sug- 
gested this  subject  in  1845  as  an  interesting  field  of  rv- 
eeareh  to  Lk  Vkkkier,  then  a  rising  matbematidan 
and  astronomer.  Mr.  J.  C.  Adams,  a  stndent  in  Cam- 
bridge University,  England,  had  become  aware  of  tbe 
problems  presented  by  the  anomalies  in  tbe  molion  nf 
Uranus,  and  liad  attacked  this  question  as  early  as  ISJS- 
In  October,  1S45,  Adams  communicated  to  the  Astroiw- 
nier  Royal  of  England  elements  of  a  new  planet  so  situated 
as  to  produce  the  perturbations  of  the  motion  of  Uranii* 
which  had  actually  been  observed.  Such  a  pn^ictloa 
from  an  entirely   unknown  student,  as  Aoams  then  was. 

,  did  not  carry  entire  conviction  with  it.  A  series  of  acci- 
dents prevented  the  unknown  planet  being  looked  for  by 
one  of  the  largest  telescopes  in  England,  and  so  tbe  mut- 
ter apparently  dropped.  It  may  Iw  noted,  however,  thai 
we  now  know  Adams'  elements  of  the  new  planet  to  have 
been  so  near  the  tnith  that  if  it  had  been  really  looked  for 
by  the  powerful  telesoope  which  afterward  discovered  its 
satellite,  it  could  scarcely  have  failed  of  detection, 

Besskl'b  pupil  Fleming  died  before  his  work  was  done, 

and    BsssEt'B   researches  waie-  temporarily   brought 
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au  eud.  SrKrvK'd  gearch  wus  uneiicceeeful.  Only 
Tkbbieb  contitmed  liia  mventigations,  and  in  the  most 
lliorougli  mumier.  He  first  computed  anew  the  pertur- 
bations of  Uranus  produced  hy  the  action  of  Jupiter  and 
.Saturn.  Then  lie  examined  the  nature  of  the  irregukri- 
ties  obeervfd.  These  showed  that  if  they  were  caused  by 
un  nnknown  planet,  it  could  not  be  between  Saturn  and,, 
UranuM,  or  else  Saturn  would  have  been  more  aSectf 
than  WOK  the  case. 

Tlie  new  planet  was  outside  of  Uranus  if  it  existed  at 
sll,  and  as  a  rough  guide  Bode's  law  was  invoked,  which 
indicated  a  distance  about  twice  that  of  Uranus.  In  the 
eummer  of  1846,  Le  Veerier  obtained  complete  elements 
of  a  new  pUinet,  which  would  account  for  the  obsei 
irregularities  iti  the  motion  of  Uranus,  and  these  i 
published  in  France.  Ttiey  were  very  similar  to  those  of] 
Adams,  which  had  Ireen  communicated  to  Professor  Chal-J 
iia,  the  Director  of  the  Observatory  of  Canibndge. 

A  searcli  was  immediately  begnn  hy  Cuallis  for  su( 
an  object,  and  as  no  star-maps  were  at  hand  for  this  regi< 
of  tlie  sky,  lie  began  mapping  the  surroimding  stars. 
BO  doing  the  new  planet  was  actually  observed,  both 
August  4th  and  12lli.  1S4C,  but  the  observations  remain- 
ing unreduced,  and  su  the  planetary  nature  of  the  objec(i| 
was  not  recognized, 

In  September  of  the  same  year,  Le  Vekeikk  wrote  to 
Dr.  (lALi.E,  then  Assistant  at  the  Observatory  of  Berliji 
asking  him  to  searcli  for  the  new  planet,  and  directing 
him  to  the  place  where  it  should  be  found.  By  the  aid 
of  an  excellent  star  chart  of  this  region,  which  had  juat 
been  completed  by  Dr.  Bresoker,  the  planet  was  found' 
September  23d,  1846. 

The  strict   rights  of  discovery  lay  with  Le  Verbikbj 
hnt  the  common  consent  of  mankind  has  always  credited' 
,\[>AMs  with  an  equal  share  in  the  honor  attaohed  lo  tli 
most  brilhant  achievement.     Indeed,  it  was  only   by  the 
mo«  unfortunate  succeeeion  of  accidents  that  the  di»oovery 
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did  not  attach  to  Adahb"  reeearchee.  One  tlung  must  in 
faimeea  be  said,  aiid  that  is  that  the  restilu  of  Ls  Veb- 
xiER,  which  were  reached  after  a  inost  thorough  inresd- 
gtttian  of  the  whole  grouud,  were  announced  with  an  en- 
tire contidence,  which,  perliaps,  wag  lacking  in  the  olhei 
case. 

This  brilliant  discovery  created  more  enthusiaem  tbsn 
even  the  discovery-  of  Uranus,  sb  it  was  bv  an  exercise  of 
far  higher  qnalities  that  it  was  achieved.  It  appeared  to 
MTor  of  the  marvellons  that  a  matheniatician  could  c^ 


to  a  working  astronomer  that  by  pointing  hie  telescope  | 
a  certain  small  area,  within  it  sliould  be  found  a  i 
major  planet.     Yet  so  it  was. 

The  general  natnre  of  the  disturbing  force  which  I 
vealed  ihe  new  planet  may  be  seen  by  Fig.  98,  whico 
shows  the  orbits  of  the  two  planete.  and  their  respective 
motions  between  1781  and  1840.  The  inner  orbit  is  that 
of  Uranus,  the  outer  one  that  of  Neptune.  The  arrows 
paaaing  from  the  former  to  the  latter  show  the  directione 
of  the  attractive  force  of  NepttiM.     It  will  be  seen  that 
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the  two  planets  were  in  conjunction  in  the  year  1822. 
Since  that  time  Uranus  has,  by  its  more  rapid  motion, 
passed  more  than  90®  beyond  Neptune^  and  will  continue 
:o  increase  its  distance  from  the  latter  until  the  begin- 
ning of  the  next  century. 

Our  knowledge  regarding  Neptune  is  mostly  confined 
to  a  few  numbers  representing  the  elements  of  its  motion. 
[ts  mean  distance  is  more  than  4,00(»,000,000  kilometres 
[2,775,000,000  miles) ;  its  periodic  time  is  104-78  years  ; 
its  apparent  diameter  is  2^"  •  0  seconds,  corresponding  to  a 
true  diameter  of  55,<X)0  kilometres.  Gravity  at  its  surface 
is  about  nine  tenths  of  the  corresponding  re  rcstrial  surface 
gravity.  Of  its  rotation  and  physical  condition  nothing 
is  known.  Its  color  is  a  pale  gieenish  blue.  It  is  attend- 
ed by  one  satellite,  the  elements  of  whose  orbit  are  given 
herewith.  It  was  discovered  by  Mr.  Lassell,  of  Eng- 
land, in  1847.  It  is  about  as  faint  as  the  two  outer  satel- 
lites  of  Uranus^  and  requires  a  telescope  uf  twelve  inches 
aperture  or  upward  to  be  well  seen. 

Elements   of  the   Satbmjte  op  Neptune,  fhom  Washington 

OBSEnVATIONS. 


Mean  Daily  Motion Or  .2o0:9 

Periodic  Time 5''-8761)0 

CHstance  (lopr.  l  =  1-47814)  10"  iTo 

Inclination  of  Orbit  to  Ecliptic 145^      V 

Lonjritude  of  Node  (1850) 184°    30' 

Increase  in  100  Years V    24' 


The  great  inclination  of  tlie  orl)it  shown  thnt  it  is  turned  nearly 
upside  down ;  the  direction  of  motion  is  thcrelure  retrogade. 


CHAPTER  XI. 

THE   PHYSICAL  CONSTITUTIOX  OF  THE 
PLANETS. 

It  is  remarkable  that  the  eight  large  planets  of  the  boIb 
system,  considered  with  respect  to  their  physical  constitB- 
tion  aa  revealed  by  the  telescope  and  the  eprctruscupe, 
may  be  divided  into  four  pairs,  the  planets  of  each  pur 
huTiii);  a  great  ainiilaritv,  and  being  quite  different  from 
the  adjoitiing  pair.  Among  the  most  complete  and  sys- 
tematic stiidtee  of  the  spectra  of  all  the  planets  are  Huat 
made  by  Mr.  Hi'ogixs,  of  London,  und  Dr.  Vogkl,  of 
Berlin.  In  what  wo  have  to  say  of  tho  reenlt£  of  spectro- 
scopy, we  shall  depend  entirely  npon  tho  reports  of  these 
obsL'rvers. 

Mercury  and  Venus.— Paseing  outmird  from  the  sun, 
the  first  pair  we  encounter  will  be  Mercury  and  Venvi. 
The  most  remarkable  feature  of  these  two  planets  is  a  neg- 
ative rather  than  a  positive  one,  being  ihe  entire  absence 
of  any  certain  evidence  of  change  on  their  surfaces,  Wa 
have  already  showni  that  Venus  has  a  coneiderablo  atmos- 
phere, while  there  is  no  evidence  of  any  such  atmosphere 
around  Mercury.  Thoy  have  therefore  not  been  proved 
alike  in  this  respect,  yet,  on  the  other  hand,  they  have  not 
been  proved  different.  In  every  other  respect  than  this, 
the  siiiitlarity  appears  perfect.  No  permanent  markings 
have  ever  been  certainly  seen  on  the  disk  of  either.  If, 
afi  is  possible,  tho  alninsphcre  of  both  planets  is  tilled  with 
clouds   and  vapor,  no  diwige,  no  openingB,  and  no  for- 
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lations  among  tliese  floud  masses  are  visible  from  Uie 
irth.  Whenever  either  of  these  planets  is  in  a  certain 
}sition  relative  to  the  eartli  and  the  sun,  it  seemingly 
ieots  the  game  appearance,  and  not  the  slighteet 
bange  occurs  in  tliat  appearance  from  the  rotation  of  the 
ilanet  on  its  axis,  which  every  analogy  of  the  solar  eys- 
I  leads  lis  to  believe  must  take  place. 
When  studied  with  the  epectroHcope,  the  spectra  of 
}iercury  and  Tenua  do  not  differ  strikingly  from  that  of 
he  snn.  This  would  seem  to  indicate  that  the  atmos- 
>hercB  of  these  planets  do  not  exert  any  decided  absorption 
ipon  the  rays  of  light  which  pass  through  them  ;  or,  at 
,  they  alieorb  only  the  same  rays  which  are  absorbed 
ly  the  atmosphere  of  the  sun  and  Ity  that  of  the  earth. 
^Tie  one  point  of  difference  whicli  Dr.  Vogkl  brings  out 
,  that  the  lines  of  the  spectrum  produced  by  the  absorp- 
1  of  our  own  atmosphere  appear  darker  in  the  spectrum 
of  Venns.  If  this  were  so,  it  would  indicate  that  the  at- 
mosphere of  Vnnus  is  similar  in  constitution  to  that  of 
our  earth,  because  it  absorbs  tbe  same  rays.  But  the 
niuans  of  measuring  the  darkness  of  the  lines  are  as  yet 
Bu  imperfect  that  it  is  impossible  to  speak  with  certainty 
,  point  like  this.  Dr.  Vogel  thinks  that  the  light 
from  Venus  is  for  the  most  part  reflected  from  clouds  in 
the  higher  region  of  the  planet's  atmosphere,  and  there- 
fore reaches  us  witliout  passing  through  a  great  depth  of 
that  ntmosphere. 

The  Earth  and  Hare. — These  planets  are  distinguished 
from  all  the  others  in  tliat  their  visible  surfaces  are  marked 
by  ]>ermanent  features,  which  show  them  to  be  solid,  and 
which  can  be  seen  from  the  other  heavenly  bodies.  It  is 
true  that  we  cannot  study  the  eaith  from  any  other  body, 
but  we  can  form  a  very  correct  Idea  how  it  would  look  if 
Been  in  this  way  (from  the  mona,  for  instance).  Wherever 
the  atmosphere  was  clear,  the  outlines  of  the  continents 
and  oceans  would  be  visible,  while  they  would  be  invisible 
where  tlie  air  was  cloudy. 
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Nww,  so  far  as  we  wiii  judj^te  fruin  uliserTfttlMBimdl 
at  fo  f^rtuit  a  distuit^e,  iieter  iimdi  k«s  titan  fortjinil- 
Huns  of  miles,  the  pUiU-'t  Miir»  preseuta  to  our  1^ 
scopes  very  iiiueli  llio  Baitiv  geiiorul  Hppearanw  Uut  the 
earth  would  if  ot>s«.*rvL-<l  frum  an  equally  great  distAore, 
The  only  exception  is  that  tho  visilile  surface  of  Man  b 
Mrcniingly  iiiiioh  less  oliscurod  hy  clouds  than  that  of  the 
rairlh  would  Ik-.  In  other  words,  that  planet  has  a  moK 
saany  sky  than  ours.  It  is,  of  course,  impossible  losij 
wliat  conditions  we  might  find  could  we  take  a  laoch 
eloiter  view  of  Mars:  all  we  can  nstseri  is,  that  eo  far  is 
wc  t-au  judgu  from  this  distance,  its  surface  is  like  that  of 
the  L-arth. 

This  Enp[x>6eJ  umilarity  is  strengthened  by  the  spectro- 
scopic ohsurvatioiiB.  The  lines  of  the  spcctnini  due  to 
uqueous  vapi.r  in  our  atniwphere  are  found  by  Dr.  Tookl 
tu  ho  so  much  stronger  in  Mars  as  to  indicate  an  ahsurp- 
lion  by  such  vapor  in  its  atmosphere.  Dr.  llLncnrs  iiti 
previously  made  a  more  decisive  observation,  having 
found  a  well-marked  line  to  which  there  is  no  correspoiiii- 
iiig  strong  lino  in  the  solar  spectrum.  Tins  would  indi- 
cate that  the  atmosphere  of  Mars  contains  some  clement 
not  found  in  our  own.  hut  the  observations  are  tuo  diffi- 
cult to  allow  of  any  well-established  theory  being  jel 
built  upon  thrill. 

Jupitor  and  Saturn. — The  next  pair  of  planets  arc 
Jiip/'fcr  and  Snturii.  Their  peculiarity  is  that  no  solid 
crust  or  surface  ia  visible  from  without.  In  this  respcel 
they  differ  from  the  earth  and  Mar/t,  and  resemble  J{<r- 
can/  and  Venue.  But  they  differ  from  the  latter  in  the 
very  important  point  that  constant  changes  can  bo  seen 
going  on  at  their  surfaces.  The  nature  of  thc-so  changes 
baa  been  discussed  so  fully  in  treating  of  these  planets  in- 
dividually, that  wo  need  not  go  into  it  more  fnlly  at  pres- 
ent. It  is  sufficient  to  say  tliat  the  jtreponderance  of  evi- 
dence is  in  favor  of  the  view  that  these  planets  have  no 
eolid  crusts  whatever,  but   consist   of  maeses  of  moltcu 
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tatter,  surrounded  by  envelopes  of  vapor  constantly-  rieing| 
from  the  interior. 

The  view  that  the  greater  part  of  the  apparent  volume  of 
these plaucu  ismadeoi  a  seethiiig  mass  ot  vaporis  further 
Wrengthened  by  iheJr  very  email  epecitie  gi-avity.  Tliis 
'can  be  accounted  for  by  Bupposing  that  the  liquid  interior 
Is  nothing  more  than  a  couipai-atively  small  central  core, 
and  that  the  greater  part  of  the  bulk  of  each  planet  is 
composed  of  vapor  of  small  density. 

That  the  visible  surfaces  oi  Jupiter  andiSWwm  are  cov- 
ered by  some  kind  of  an  atmosphere  follows  not  only  from 
the  motion  of  the  cloud  forms  seen  there,  but  from  the 
epectroscopic  observations  of  Hugginh  in  1864.  He 
.found  visible  absoi-ption-bands  near  the  red  end  of  the 
spectrum  of  each  of  these  planets.  Vogel  found  a  com- 
plete similarity  between  the  spectra  of  the  two  planets, 
the  most  marked  feature  being  a  dark  baud  in  the  red. 
"What  is  wortliy  of  remark,  though  not  at  all  surprising,  is 
that  this  band  is  not  found  in  the  spectrum  of  Saturn''^ 
rings.  This  \%  what  wo  should  expect,  as  it  is  hardly  pos- 
sible that  these  rings  siiould  liave  any  atmosphere,  owing 
to  their  very  small  mass.  An  atmosphere  on  bodies  of  bo 
slight  an  attractive  power  would  expand  away  by  ita  own. 
elasticity  and  be  all  attra<:ted  around  the  planet. 

TTrauua  and  Neptune. — These  phmels  have  a  strikingly 
similar  aspect  when  seen  through  a  telescope.  They 
differ  from  Jupiter  and  Safttrn.  in  that  no  changes  or  va- 
riations of  color  or  aspect  can  be  made  out  upon  their  sur- 
faces ;  and  from  the  earth  and  Mam  in  the  absence  of  any 
permanent  features.  Telescopically,  therefore,  we  might 
classify  them  witli  Mercury  and  Venus,  but  the  spectro- 
Bcope  reveals  a  conslitution  entirely  different  from  that  of 
any  other  planets.  The  most  marked  features  of  their 
spectra  aro  very  dark  bands,  evidently  produced  by  the 
absorption  of  dense  atmospheres.  Owing  to  the  extreme 
fiintness  of  the  light  which  reaches  us  from  these  distant 
bodies,  the  ruguhr  h'nes  of  the  aoW  epv^ctrum  are  eo.'CvtA'j 
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in  their  gpectra,  vt-t  these  dark  IkaDde  which  m 

to  lliem  have  been  seeo  b_y   Hcooiss,  Seochi, 

b'oGEL,  aiid  perhaps  othen. 

Tliia  clafisiticatiou  of  tlie 
eight  planets  into  psirsiem- 
dered  yet  more  etriking  b; 
the  fact  that  it  appUee  to 
what  we  have  been  able  to 
discover  respecting  the  roU- 
tioiis  of  these  tiodies.  The 
rotation  of  tlie  inner  pair, 
Mereitry  and  Venu*,  h»» 
eluded  detection,  notwitli- 
etanding  their  comparatii'e 
proximity  to  us.  The  iieit 
pair,  the  earth  and  Man, 
have  perfectly  definite  tim« 
of  rotation,  because  their 
outer  surfaces  conEtst  of  BolJd 
crusts,  every  part  of  which 
must  rotate  in  the  same  time. 
The  next  pair,  Jupiter  and 
Saturn,  have  ■well-established 
times  of  rotation,  hut  these 
times  are  not  perfeetly  defi- 
nite, l)ecaufie  the  surfaces  of 
these  planets  are  not  solid, 
and  diffei-eut  portions  of  their 
mass  may  rotate  in  slightly 
different  times.  Jupit^-aai 
Sa/.iirn  have  also  in  eomuioii 
a  very  rapid  rate  of  rotation.  Finally,  the  outer  pair,  Uni- 
nus  and  Neptune,  seem  to  be  surrounded  by  atmospheres  of 
such  density  that  no  evidence  of  rotation  can  be  gathered, 
Thus  it  stiems  tliat  of  the  eight  planets,  only  the  central 
four  have  yet  certainly  indicated  a  rotation  on  their  uxi& 
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S  1.    FSENOWIENA  ANO  CAUSES  OF  METEOBS. 

Ddeinc  tlie  present  rentury,  evidence  has  been  collected 
that  countless  maseee  of  matter,  far  too  small  to  be  seen 
witb  the  meet  powerful  telescopes,  are  moving  tlirongh 
the  planetary  spaces.  This  evidence  is  afforded  by  the 
pbenomena  of  "  aerolites,"  "  meteors,"  and  "shooting 
stars."  Although  these  several  phenomena  have  been  ob- 
served and  noted  from  time  to  time  since  the  earliest  his- 
toric era,  it  is  only  recently  that  a  complete  explanation 
ias  been  reached. 

Aerolites. — Reports  of  the  falling  of  large  masses  of 
Btone  or  iron  to  the  earth  have  been  familiar  to  antiqua- 
rian students  for  many  centuries.  Akago  has  collected 
several  hundred  of  these  reports.  In  one  instance  a  monk 
wflfl  killed  by  the  fall  of  one  of  these  bodies.  One  or  two 
other  cases  of  death  from  this  cause  are  supposed  to  have 
occurred.  Notwithstanding  the  number  of  instances  on 
record,  aerolites  fall  at  such  wide  intervals  us  to  be  ob- 
served by  very  few  people,  consequently  doubt  was  fre- 
quently cast  upon  the  correctness  of  the  narratives.  The 
problem  where  such  a  body  could  come  from,  or  how  it 
could  get  into  the  atmosphere  to  fall  down  again,  formerly 
seemed  eo  nearly  incapable  of  solution  that  it  required 
some  credulity  to  admit  the  facts.  Wlien  the  evidenco 
became  so  strong  as  to  be  indisputable,  theories  of  their 
origin  began  to  be  propounded.     One  theorj  i^iXo  ^'adsasm.- 
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tiAe  in  the  eariv  part  of  this  century  was  tliat  they  wot 
Uirown  from  volcanoes  in  the  moon.  This  thMrj, 
though  tlie  sabjiict  of  inathematlcal  investigatiou  br  Li 
Place  wid  others,  is  now  nu  loiigur  thought  of. 

The  proof  that  aerolites  did  reallv  fall  to  the  gronnS 
first  became  conclusive  bv  the  fall  being  connected  witli 
otlier  more  familiar  phenomena.  Nearly  every  one  who 
K  at  all  oheervaikt  of  the  heavens  is  familiar  -Kith  baHdet, 
or  Sro-ljalls — brilliant  objects  having  the  appearance  of 
rockets,  which  are  occasionally  seen  moving  with  great  Te- 
locity through  the  upper  regions  of  the  atmosphere. 
Scarcely  a  year  passes  in  which  such  a  body  of  cxtraonli- 
nary  brilliancy  is  not  seen.  Generally  these  bodies,  bright 
though  they  may  be,  vanish  without  leaving  any  trace,  or 
making  themselves  evident  to  any  sense  bnt  that  of  sight 
Hut  on  rare  occasions  their  appearance  is  followed  at  ta 
interval  of  several  minutes  by  loud  explosions  like  the  dis- 
charge of  a  battery  of  artillery.  On  still  rarer  occasions, 
masses  of  matter  fall  to  the  ground.  It  is  now  fnllj 
understood  that  the  fall  of  these  aerolites  is  always  «- 
coinpanied  by  light  and  sound,  though  the  light  may  be 
invisible  in  the  daytime. 

When  cliemical  analysis  was  applied  to  aerolites,  they 
were  proved  to  be  of  extramnndane  origin,  because  ibey 
contained  chemioil  combinations  not  found  in  terrestrial 
substances.  It  is  true  that  they  contained  no  new  chemi- 
cal elements,  but  only  combination  of  the  elements  which 
are  found  on-  the  earth.  These  combinations  are  now  bo 
familiar  to  mineralogists  that  they  can  distinguish  an 
aerolite  from  a  mineral  of  terrestrial  origin  by  a  careful 
examination.  One  of  the  largest  components  of  these 
bodies  is  iron.  Specimens  having  very  much  the  appear- 
ance of  great  masses  of  iron  are  found  in  the  National 
Museum  at  Washington. 

Meteors. — Although  the  meteors  we  have  described  are 
of  dazzling  brilliancy,  yet  they  nin  by  insensible  grada- 
tions into  phenomena,  which  any  cMie  can  see  on  »ny  clear 
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light,  Tlie  mogt  brilliant  meteors  of  all  are  likely  to  be 
1  by  one  person  only  two  or  three  times  in  his  life. 
Keteors  having  the  appearance  and  brightness  of  a  distant 
fcket  may  be  seen  several  times  a  year  by  any  one  in  tlie 
labit  of  walking  out  during  tlie  evening  and  watching  the 
ky.  Smaller  ones  occur  more  frequently  ;  and  if  a  care- 
'b1  watch  be  kept,  it  will  be  found  that  several  of  the 
untest  clasBof  all,  familiarly  known  as  shooting  stars,  can 
e  seen  on  every  clear  night,  "We  can  draw  no  distinction 
kstwcen  the  most  brilliant  meteor  illnminating  the  whole 
flty,  and  perhaps  making  a  noise  like  thunder,  and  the 
ikintest  shooting  star,  except  one  of  degree.  There  seems 
to  be  every  gradation  between  these  extremes,  so  that  all 
llioald  be  tnu-ed  to  some  common  cause. 

Cause  of  Heteors. — There  is  now  no  doubt  that  all  these 
J)henomena  have  a  common  origin,  being  due  to  the  earth 
erconntering  innumerable  small  bodies  in  its  annual  course 
ftround  the  sun.  The  great  difficulty  in  connecting  mete- 
ors with  these  invisible  bodies  arises  from  the  brilliancy 
and  rapid  disappearance  of  the  meteors.  The  question 
tnay  be  asked  why  do  they  bum  with  so  great  an  evolu- 
tion of  light  on  reaching  our  atmosphere  ?  To  answer  thia 
question,  we  must  have  recourse  to  the  mechanical  theory 
of  heat.  It  is  now  known  that  heat  is  really  a  vibratoty 
motion  in  the  particles  of  soUd  bodies  and  a  progressiva 
motion  in  those  of  gases.  By  making  this  motion  more 
np!d,  we  make  the  body  warmer.  By  simply  blowing  air 
against  any  combustible  body  with  sufficient  velocity,  it 
1  be  set  on  Are,  and,  if  incombustible,  the  body  will  be 
made  red-hot  and  finally  melted.  Experiments  to  deter- 
mine the  degree  of  temperature  thus  produced  have  been 
nade  by  Sir  William  Thompson,  who  finds  that  a  veloci- 
ty of  about  50  metres  per  second  corresponds  to  a  rise  of 
temperature  of  one  degree  Centigrade.  From  this  the 
temperature  due  to  any  velocity  c^n  be  readily  calculated 
on  the  principle  that  the  increase  of  tem]x.-rature  is  pro. 
poitional  to  the  "energy"  of  the  part\c\«6,  'wVft'^ 
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is  proportional  to  the  Mjiiare  of  the  velocity.  Heno  » 
velocity  of  500  metrus  per  secoud  would  correspond  to  i 
riao  of  100°  above  the  actual  temperature  of  the  air, » 
that  if  the  Utter  was  at  the  freeziii^- point  the  body  would 
bo  raised  to  the  temperutiu-e  of  Iwiliiig  water,  A  velodtj 
of  150<)  nietrcfi  per  seeond  would  produce  a  red  hoaL  This 
velocity  is,  however,  much  higher  than  any  that  we  cu 
produce  artificially. 

The  earth  inovee  aruuud  the  sud  with  a  Telocity  of 
about  30.('no  metres  per  second  ;  consequently  if  it  met  a 
body  At  rest  the  concussion  between  the  latter  and  the  at- 
moephere  would  correspond  to  a  temperature  of  more  than 
300,000°.  This  would  inetamly  dissolve  any  known  eub- 
stance. 

As  the  tlieory  of  this  dissipation  of  a  body  by  moving 
with  planetary  velocity  through  the  upper  re^ons  of  oar 
air  is  frequently  misunderetood,  it  is  nwwssary  to  explain 
two  or  three  points  in  connection  with  it. 

(1.)  It  must  be  remembered  thut  when  we  speak  of 
these  enormous  temperatnres,  we  are  to  consider  them  as 
potential,  not  actual,  temperatures.  We  do  not  mean 
that  the  body  is  actually  raised  to  a  temperature  of  30LI,- 
000°,  but  only  that  the  air  acts  upon  it  as  if  it  were  pat 
into  a  fnniacc  heated  to  this  temperature — that  a,  it  is 
rapidly  destroyed  by  the  intensity  of  the  heat, 

(2.)  This  potential  temperature  is  independent  of  the 
density  of  the  medium,  being  the  same  in  the  rarest  aa  in 
the  densest  atmosphere.  But  the  actual  effect  on  tlie 
body  is  not  so  great  in  a  rare  as  in  a  dense  atinosphore. 
Every  one  knows  that  he  can  hold  his  hand  for  some  time 
in  air  at  the  temperature  of  boiling  water.  The  rarertlie 
air  the  higher  the  temperature  the  hand  would  bear  without 
injury.  In  an  atmosphere  as  rare  as  ours  at  the  height  of 
50  miles,  it  is  probable  that  the  hand  could  be  held  for  an 
indefinite  period,  though  its  temperature  should  be  tlial 
of  red-hot  iron  ;  hence  the  meteor  is  not  consumed  so  rap- 
idly as  if  it  Etmck  a  dense  atmosphere  with  pUnetuy 
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velocity.     Iq  the  latter  ease  it  would  probably  disappt 
like  a  ^ash  of  lightning. 

(3.)  Tiie  amount  of  beat  evolved  is  measured  not  by  tl 
,  nrliieh  would  result  from  the  combustion  of  the  body,  bnt 
by  the  OT«  viva  (energy  of  motion)  which  the  body  loses  in 
the  atmosphere.  The  student  of  physics  knows  that  mo- 
tion, when  lost,  is  changed  into  a  definite  amount  of 
heat.  If  we  calculate  the  amount  of  heat  which  is  equiv- 
alent to  the  energy  of  motion  of  a  pebble  having  a  veloc- 
ity of  20  miles  a  second,  we  shall  find  it  sufficient  to  raise 
about  1300  times  the  pebble's  weight  of  water  from  the 
freezing  to  the  boiling  point.  This  is  many  times  as  much 
heat  as  could  result  from  burning  even  the  most  combusti- 
ble body.  ■ 

(4.)  Tlie  detonation  which  sonietimea  accompanies  thai 
passage  of  very  brilUant  meteors  is  nut  caused  by  an  ex< 
plosion  of  tlie  meteor,  but  hy  the  concussion  produced  by 
its  rapid  Jnotiou  through  the  atmosphere.  This  concus- 
sion is  of  much  the  same  nature  as  that  produced  by  a 
flash  of  lightning.  The  air  is  suddenly  condensed  in  front 
of  the  meteor,  while  a  vacuum  is  left  behind  it. 

The  invisible  bodies  whicli  produce  meteors  in  the  way 
jnst  described  have  been  called  Tnetewoidg.  Meteorio 
phenomena  depend  very  largely  upon  the  nature  of  thi 
liieteorotds,  and  tlie  direction  and  velocity  with  which 
they  are  moving  relatively  to  the  earth.  With  very  rare 
exceptions,  they  are  so  small  and  fusible  as  to  be  entirely 
dissipated  in  the  upper  regions  of  tlie  atmosphere.  Even 
of  those  Eo  hard  and  solid  a^  to  produce  a  hrtiliaut  light 
and  the  loudest  detonation,  only  a  small  proportion  reach  \ 
the  earth.  It  has  sometimes  happened  that  the  meleoroid 
only  grazes  the  atmosphere,  passing  horizontally  through 
its  higher  strata  for  a  great  distance  and  continuing  its 
course  after  leaving  it.  On  rare  occasions  the  body  is  so 
hanl  and  maspive  as  to  reach  the  eartli  without  being  en- 
tirely consumed.  The  potential  heat  produced  by  its 
paB8ag;fi  through  the  atmosphere  is  then  a.U  «^'^wi«A  \t^ 
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melting  nnd  deetroying  ite  outer  layers,  the  inner  nnelt 
remaining  uncJiiuiged.     When  such  a  body  first  ?trilttt 
tbo  liciiser  portion  of  the  atmosphere,  the  resistance 
comes  so  great  that  the  body  is  generally  Uroken  to 
Hence  we  very  uften  find  not  simply   a  single  aeroliw, 
but  a  small  shower  of  them. 

Beiglitfl  of  Meteors. — Many  observations  have  been 
made  to  determine  the  height  at  which  meteore  are  seen. 
Tills  is  effet^ted  by  two  observers  stationing  themaeW» 
several  mill's  apart  and  mapping  out  the  coarsee  of  such. 
meteors  as  they  can  observe.  In  order  to  be  sm-e  that  thfl 
same  meteor  ie  seen  from  both  statiotis,  the  time  of  each 
observation  must  be  noted.  In  the  case  of  very  brilliant 
meteors,  the  patli  is  often  determined  witlj  considerable 
precision  by  the  direction  in  wliich  It  is  seen  Iiy  acddentil 
observers  in  various  regions  of  the  country  over  which  it 
parses, 

The  general  result  from  nuraerona  observations  and  in- 
vestigations of  this  kind  is  that  the  meteors  and  shooting 
Btors  commonly  commence  to  be  visible  at  a  height  of 
about  160  kilometres,  or  100  statute  miles.  The  separate 
rosnlts  of  course  vary  widely,  but  this  is  a  rongh  mean  of 
them.  They  are  generally  dissipat^-d  at  about  half  this 
height,  and  therefore  above  the  highest  atmosphere  whicli 
reflects  the  rays  of  the  sun.  From  this  it  may  be  inferred 
that  the  earth's  atmosphere  rises  to  a  height  of  at  least 
]60  kilometres.    This  is  a  much  greater  height  than  it  waB 
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g  2.    UGTIiOBIC  SHOWSBS.  ^M 

As  already  stated,  the  phenomena  of  shooting  stars  may 
be  seen  by  a  careful  observer  on  almost  any  clear  uight. 
In  general,  uot  more  than  three  or  four  of  them  will  be 
seen  in  an  hour,  and  these  will  be  so  minute  as  hardly  to 
attract  notice.  But  they  sometimes  fall  in  such  ntunbers 
u  to  present  the  appearance  of  a  meteoric  shower.     On 
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rare  occasions  the  shower  liae  been  bo  striking  as  to  fill  the 
beholders  with  terror.  The  ancient  and  mediteval  recordfl 
contain  many  accounts  of  these  phenomena  which  have 
been  brought  to  light  through  the  researches  of  antiqua- 
rians. The  following  is  quoted  hy  Professor  PJewtoh 
from  an  Arabic  record  : 

"  In  the  year  599,  on  the  lart  day  of  Moharrem,  atara  shot  hither 
ttod  thither,  and  flew  against  each  other  like  a  swarm  of  locusta  \ 
this  phenomena  lasted  until  dajbruak  ;  people  were  thrown  into 
consternation,  and  made  supplication  to  the  Moat  High  :  there  wm 
never  the  like  seen  except  on  the  coming  of  the  messenger  o(  God, 
oa  whom  be  lienudiction  and  peace." 

It  hafi  loug  been  known  that  some  showers  of  this  clase 
occnr  at  an  interval  of  about  a  third  of  a  century.  One 
was  observed  hy  Humboldt,  on  the  Andes,  on  the  night 
of  November  12tii,  1799,  lasting  from  two  o'clock  until 
ilaylight.  A  great  shower  was  seen  in  this  country  in 
IS33,  and  ia  well  knowu  to  have  struck  the  negroes  of  the 
SoatLem  States  with  terror.  The  theory  that  the  show- 
ers occur  at  intervals  of  34  years  was  now  propounded  by 
Olbers,  who  predicted  a  return  of  the  shower  in  ItifiT. 
This  prediction  was  completely  fulfilled,  but  instead  of  ap- 
pearing in  the  year  1S67  only,  it  waa  first  noticed  in  18C6. 
On  tlie  night  of  November  13th  of  that  year  a  remarkable 
shower  was  seen  in  Europe,  while  on  the  corresponding 
night  of  the  year  follo^nng  it  was  again  seen  in  this  coun- 
try, and,  in  fact,  was  repeated  for  two  or  three  years,  grad- 
nally  dying  away. 

The  ocenrrence  of  a  shower  of  meteors  evidently  shows 
that  the  earth  encounters  a  swann  of  meteoroids.  The 
recurrence  at  the  same  time  of  the  year,  when  the  earth 
is  in  the  same  point  of  its  orbit,  shows  that  the  earth 
meets  the  swann  at  the  same  point  in  successive  yean. 
All  the  meteoroids  of  the  swann  must  of  course  be  moving 
in  the  same  direction,  else  they  would  soon  be  widely  scat- 
tered. This  motion  is  connected  with  the  radiant  point, 
a  well-marked  feature  of  a  meteoric  shower. 


I 
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:  does  Dot  partake  of  the  diurnal  motion  of  the  tnrtli^thcLt  is,  as 
le  Btan  apparently  move  toward  the  west,  the  radiant  point  moves 
ith  them. 

The  radiant  point  is  due  to  the  (act  that  the  metcuroids  wbieh 
^jikc  the  earth  during  a  shower  arc  all  moving  in  tlit>  SArne  dirfc- 
--.  If  wc  suppose  the  earth  to  be  at  rust,  and  the  actual  nioiiou 
Jw  meteoroida  to  be  compounded  with  ao  imaginary  motion 
ll  Mid  oppiuit«  to  that  of  the  eurth,  the  motion  of  these  imag- 
j  bodies  will  be  the  same  as  the  actual  relative  motion  of  the 
eUOIoida  seen  from  the  eartli.  Theao  relative  motions  will  nil  bo 
Mitel ;  hence  when  the  bodies  strike  our  atmosphere  the  paths 
icribcd  b;  them  in  their  passage  will  nil  be  parallel  straight 
Ml  Now,  b;  the  principliis  of  spherical  trigonometry,  a  straight 
•  Hcn  by  an  observer  at  any  point  is  projected  as  a  great  circle 
ttH  celestial  sphere,  of  which  the  observer  supposes  himself  to  be  | 
■  oeatre.  If  we  draw  a  linu  from  the  obsiTvrr  parallel  to  the  I 
ithaof  the  meli-ors,  (he  direction  of  Ihut  lino  will  represent  a  point  j 
tbeapberu  through  which  all  the  paths  will  ecem  to  puss  ;  '  ' 
lb(  therefore,  be  the  radiant  ^oint  in  a  meteoric  shower. 
A  dightly  different  conception  of  the  problem  may  be  formed 
r  onceiving  the  plane  passing  through  the  observer  and  cuntuln- 
g  the  path  of  the  meteor.  It  ia  evident  that  the  different  planes 
imed  by  the  parallel  meteor  ])aths  will  all  intersect  each  other  in 
IbtD  drawn  from  the  observer  parallel  to  this  piilh.  This  linu 
ill  then  intersect  the  celestial  sphere  in  the  radiant  point. 
Orbits  of  Ueteorio  B bowers.— From  what  has  just  been  said, 
win  be  seen  that  the  position  of  the  radiant  point  indicates  the 
Hon  in  which  the  meteoroida  move  relativily  to  the  earth.  V 
Iso  knew  Iho  velocity  with  which  they  are  really  moving  i 
•C4|  wc  could  make  allowance  for  the  motion  of  llic  earth,  and 
bus  determine  ihe  directinn  of  their  actual  motion  in  ppacc.  It 
All  be  remi-mbered  that,  as  just  explained,  the  apparent  or  rela- 
Itb  motion  is  made  up  of  two  components — the  one  the  actual 
^~— 'n  of  the  body,  the  other  the  motion  of  the  earth  taken  in  an 
'o  direction.  We  know  the  second  of  these  components 
;  ftnd  if  we  know  the  velocity  relative  to  Ihe  earth  and  the 
m  as  given  by  the  radiant  point,  we  bote  ^ven  the  resullant 
Bd  me  component  in  magnitude  and  direction.  The  computation 
f  the  other  component  is  one  of  the  "imnlest  problems  in  kine- 
-«tlc«.  Thus  we  shall  have  the  actual  direction  and  velocity  of 
e  meteoric  swnrm  in  spoce.  Having  this  direction  and  velocity, 
e  orbit  of  the  owarm  around  the  sun  admits  of  being  calculated. 

Bolations  of  Meteora  and  Comets.~The  velocity  of  the 

meteoroida  does  not  iHliiiit  of  being  dctemiined  from  ob- 
servation. One  elmiient  necessary  for  determining  tLe 
orbits  of  these  bodies  is,  therefore,  wanting.  In  the  caao 
of  the  showers  of  1799,  1S33,  and  1S6R,  commonly-  called 
le  November  ehowers,  this  element  is  given  by  the  time 
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of  Kvoluiion  arountl  the  sun.  Siiiuc  the  shoven  oennt 
intervale  of  about  a  third  of  a  centurjr,  it  is  highly  prob- 
able tliis  18  the  periodic  lime  of  the  swarm  arouud  ihenra, 
LTlie  iKjriodic  tirau  being  known.  lh«  velocity  at  any  di»- 
tHiicc  from  tlie  sun  admits  of  calculation  from  the  theorr 
of  gravitation.  Tlius  weliuvcall  the  dnta  for  detennining 
the  real  orbits  of  the  group  of  meteors  around  the  tan. 
The  calculations  necessary  for  this  purpose  were  made 
by  Lk  Verrieb  and  other  astronomers  shortly  aft^r  the 
great  shower  of  1S66.     The  following  was   the  orbit  ii 


Period  of  revolution 33 'S5  yean. 

Bcri-ntrintjr  of  orbit 0-WU4. 

Lcaat  disUnce  from  the  sun. O-0S9O. 

InFlinatioD  of  urbit     1CS°  IIK. 

LiiDgitude  of  the  node Bl"  IS*. 

PoBitioa  of  the  perihelion  ...    (neur  the  node). 
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The  publication  of  this  orbit  brought  to  the  attention 
of  the  world  an  extraordinary  coincidence  vbicli  Ivtil 
never  before  been  suspected.  In  December,  1665,  a 
faint  telescopic  comet  was  discovered  by  Teupse.  at  Mur- 
seilles,  and  afterward  by  II.  P.  Tirm.E  at  the  Navii! 
Observatory,  Washington.  Its  orbit  was  calculated  I'y 
Dr.  Oppolzer,  of  Vienna,  and  his  results  were  finally  pub- 
lished on  Jaiiuarj-  2Sth,  1867,  in  the  Aatronomitche  -Vaok- 
richten  ;  they  were  aa  follows  : 

Perio<I  of  revolution 83-18;nrt 

Eccentricity  of  orbit 0-9054. 

Least  diatanco  from  the  sun 0-DT85. 

Inclinntinn  of  orbit , \92'  «'. 

Longitude  uf  the  node SI*  24'. 

Longitude  of  the  perihelion ' 43°  24'. 

The  publication  of  the  cometary  orbit  and  thtit  of  ''"^ 
orbit  of  the  meteoric  group  were  made  independently*'"'" 
in  a  few  days  of  each  other  by  two  astronomers,  neitliei" 
of  whom  had  any  knowledge  of  the  work  of  the  otlier- 
Comparing  them,  the  i-esult  is  evident.  77m;  «Mm»  / 
meUoroide  which  cauae  the  Xovemier  tkawen  wkW*  *" 
tAt  tame  orbit  with  Tempel^s  comet. 
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Tempel^s  comet  passed  its  perihelion  in  January, 
1866.  The  most  striking  meteoric  shower  commenced 
in  the  following  November,  and  was  repeated  during 
fleveral  jears.  It  seems,  therefore,  that  the  meteoroids 
which  produce  these  showers  follow  after  Tempel's  comet, 
moving  in  the  same  orbit  with  it.  This  shows  a  curious 
relation  between  comets  and  meteors,  of  which  we  shall 
speak  more  fuUj  in  the  next  chapter.  When  this  fact 
was  brought  out,  the  question  naturally  arose  whether  the 
same  thing  might  not  bo  truo  of  other  meteoric  showers. 

Other  Showers  of  Meteors* — Although  the  November 
sliowers  are  the  only  ones  so  brilliant  as  to  strike  the  ordi- 
nary eye,  it  has  long  been  known  that  there  are  other 
nights  of  the  year  in  which  more  shooting  stars  than  usual 
are  seen,  and  in  which  the  large  majority  radiate  from  one 
point  of  the  heavens.  This  shows  conclusively  that  they 
arise  from  swarms  of  meteoroids  moving  together  around 
the  sun. 

August  Meteors. — Tho  best  marked  of  theso  minor 
showers  occurs  about  August  Otli  or  lOtliof  each  year. 
The  radiant  point  is  in  the  constellation  Perseus,  By 
watching  the  eastern  heavens  toward  midnight  on  the  9tli 
or  10th  of  August  of  any  year,  it  will  be  seen  that  numer- 
ous meteors  move  from  north-cast  toward  south-west,  hav- 
ing often  the  distinctive  characteristic  of  leaving  a  trail 
behind,  which,  however, vanishes  in  a  few  inoruents.  Ag- 
suming  their  orbits  to  be  parabolic,  the  elements  were  cal- 
culated by  ScuiAPARELLi,  of  Milan,  and,  on  comparing  with 
the  orbits  of  observed  comets,  it  was  found  that  thc^c 
meteoroids  moved  in  nearly  the  same  orbit  as  the  second 
comet  of  1862.  The  exact  period  of  this  comet  is  not 
known,  although  the  orbit  is  certainly  elliptic.  Accord- 
ing to  the  best  calculation,  it  is  124  yeai-s,  but  for  reasons 
gi^en  in  the  next  chapter,  it  may  bo  uncertain  by  ten 
years  or  more. 

There  is  one  remrti-kable  difference  between  the  August  and  the 
November  meteors     The   latter,  as  we  have  seen^  appear  for  two 
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or  Uirti'  cuTiMTiitkc  ;ram,  ami  Ih^n  ore  not  «ecn  again  ontil  at 
thlity  jri'iirN  liAvu  clajHcd.  Itut  the  AdgOHt  meteors  are  wen  <n  , 
year.  This  shows  that  the  stream  of  Augnat  meteoroid*  ii  endlts^  I 
evMT  [Mirt  of  the  orbit  bviug  uccujiied  bj  them,  while  in  the  cm  ! 
of  tflc  Nnrenilier  ones  they  are  gathered  into  a  group.  I 

We  may  eonclnJe  from  this  that  the  November  meteoroiHi  hcrt 
not  been  pertuanent  membere  of  our  system.  It  is  beyond  all  prott- 
Ability  thut  a  group  compoi^ing  countless  milliooa  of  such  bodia 
thuulil  nil  have  the  same  time  of  revolution.  Eveu  if  they  li«j  Ibe 
sarnie  lime  ill  the  bei^nning.  the  di£Ferent  actions  of  tlie  planet* oa 
(liBereut  parts  of  the  group  would  make  the  times  different.  The 
result  would  be  that,  m  the  course  of  ages,  those  which  tioi!  the 
most  rapid  motion  would  go  further  and  further  kbead  of  t)>* 
others  until  they  got  half  a  revolution  ahead  of  them,  and  would 
tinally  overtake  those  having  the  slowest  motion.  The  swiftest  ud 
ilowi-sl  one  would  then  be  in  the  position  of  two  race-borse<^  ranolDg 
around  a  circular  track  for  so  long  a  time  that  the  swifi«i  hi 
lias  made  a  complete  run  more  than  the  slowest  one  and  hat  C 
taken  him  from  behind.  When  this  happens,  the  mcteoroids  Kill 
bo  scattered  all  around  the  orbit,  and  we  shall  have  a  shower  la 
November  of  every  year.  The  fact  that  has  not  yet  ha]>pened  sboBS  1 
that  they  have  been  revolving  for  only  a  limited  length  of  timt.  I 
probibly  only  a  very  few  thousand  years.  { 

Although  the  total  mass  of  these  bodies  is  very  small,  yet  thor 
number  is  beyond  all  estimation.  Professor  Nbwtok  has  estimated 
that,  taking  the  whole  earth,  about  seven  million  shooting  starv  are 
encountered  every  twenty-four  hours.  This  would  make  between 
two  and  three  thousand  million  met«oroids  which  are  thu«.  as  it 
were,  destroyed  every  year.  But  the  number  which  the  earth  can 
encounter  in  a  year  \a  only  an  insignificant  fraction  of  the  totsl 
number,  even  in  the  solar  system.  It  may  be  interesting  to  calculate 
the  ratio  of  the  space  swept  over  by  the  earth  in  the  tourse  of  a  year 
to  the  volume  of  the  sphere  surrounding  the  sun  and  extending  out 
to  the  orbit  of  Neptune.  We  shall  find  this  ratio  to  be  only  a»  one 
to  about  three  millions  of  millions.  If  we  measure  by  the  number 
of  meteoroida  in  a  cubic  mile,  we  might  consider  them  very  thinly 
scattered.  There  is,  in  fact,  only  a  single  meteor  to  seTeral  million 
cubic  kilometres  of  space  in  the  heavens.  Yet  the  total  number 
is  immensely  great,  because  a  globe  including  the  orbit  of  Sefitiau 
would  contain  millions  of  millions  of  millions  of  niilliona  of  cubic 
kilometres."  If  wereflect,  in  addition,  that  the  meteoroids probably 

•The  computations  leading  lo  this  result  maybe  made  in  the  fol- 
lowing manner: 

I.  To  find  the  owirnt  ipoff  nefpt  through  bj/thftarthin  thr  raartei^ 
a  gear.  If  we  put  »  for  the  ratio  of  the  circomfertnce  of  a  cln-le  to  its 
diameter,  and  p  for  the  radius  of  the  earth,  the  surface  of  a  plane  section 
of  the  earth  passing  through  its  centre  will  benp\  Multiplying  Uiis 
hy  Ihe  circumtcreucc  of  the  earth's  orhlt,  w^  shall  have  the  space  re- 
i|Uirod.  which  we  reodUy  find  to  be  more  than  30,000  millions  of 
mllliong  of  kilometres.  Bince,  in  sweeping  through  this  spaoe  Ibo 
oartli  eoooualent  ahoitf  aoOU  huIUdub  ot  BMleqiw^  ^  foUsin  IIM 
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_    but  a  few  grains  cftch,  wo  eballw.'c  how  it  isthatthey  are  en- 
■ly  inviaible  to  vision,  even  with  powerful  telescopes. 

The  Zodiacal  Ught. — If  wo  observe  tba  western  sky 
daring  tliu  winter  or  spring  months,  about  the  end  of  the 
iveniiig  twiliglit,  wo  sLall  Bee  a  stream  of  fiunt  light,  A 
little  like  the  Milky  Way,  rising  obliqnely  from  the  west, 
>d  directed  along  the  ecliptic  toward  a  point  south-west 
from  the  zenitli.  This  is  called  the  z(>diacal  Ughi.  It 
lOay  also  be  eeen  in  the  east  before  daylight  in  the  morn- 
ing during  the  antuiiin  months,  and  haa  sometimes  been 
tnced  all  the  way  scroBS  the  hcavene.  Its  origin  is  etill 
invoKed  in  ol»t;urity,  but  it  seems  probable  that  it  ariees 
from  an  extremely  thin  cloud  either  of  meteoroida  or  of 
Hemi^ageous  matter  like  that  composing  the  tail  of  a 
comet,  spread  all  around  the  eun  inside  the  earth's  orbit. 
The  reBearches  of  Professor  A.  W.  Weight  show  that  its 
spectmm  is  probably  that  of  reflected  sunlight,  a  result 
which  gives  color  to  the  theory  that  it  arises  from  a  cloud 
of  rooteoroids  revolving  round  the  sun. 

Iberc  is  unly  one  meleoroid  to  more  than  teu  milliona  of  cubic  ki]' 
ometrcs. 

II.  TofindaumtioofOumpkerK  of  »paeaaWiin1lit  orbil  of  yaptune  t» 
the  tfint*  merpt  Oirough  by  Vie  earth  in  a  ymr.  Let  us  put  r  for  the  dis- 
teMv  of  the  earth  from  the  sun.  Then  the  dlatance  of  Neplune  may 
be  tfdcRU  as  30  r,  and  Ihie  will  be  the  radius  of  the  sphere.  The  cir- 
uumfertmce  uf  ilm  mrtu'*  orbit  will  than  be  3  ir  r.  nad  the  epucu  swept 
—  -  will  be  S  ff*  rp*.    The  sphere  at Septam  will  b« 

J  ff  30'  r*  =  36,000  ir  H,  aeurly. 
The  ratio  of  the  two  spaces  will  b« 

15:0^^  =  0.000  4-,  .earlj. 
la  tnnm  thau  SS.IXW.  sliowiii;;  the  rcquitod  rat 
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CHAPTER    XIII. 

COMETS. 
%  I.    ASPECT  OF  COBEETS. 

CoMCTs  are  distingiiiHlied  frani  tlie  planets  botliby  their 
aspocU  and  their  motions.  Tbey  coine  into  view  willioul 
niiytliiDg  to  lieraltl  tlieir  a]>proacli,  continue  in  si^bt  fur  a 
fi'W  weeks  or  months,  and  then  gradually  vanish  in  tlio 
ilistaiicc.  They  are  commonly  considered  as  compfsod  of 
ihrec  [xat8,  the  nudeua,  tho  coirta  (or  hair),  and  the  taH. 

Tim  nueleus  of  a  comet  is,  to  the  naked  eye,  a  point  of 
li^ht  raacmbliag  a  etar  or  planet.  Viewed  in  u  telescope, 
it  generally  has  a  small  disk,  bat  Rhades  off  bo  gndnallj 
rliat  it  in  dittii^ult  to  estimate  its  magnitude  In  largo 
comets,  it  is  sometimes  several  Imndred  miles iti  diameter, 
imt  never  approaches  the  size  of  one  of  the  lai^r  planets. 

The  nucleus  is  always  surrounded  by  a  mass  of  fi^;>' 
light,  which  i*  cilled  the  coma.  To  the  naked  eye,  the 
imclens  and  coiii.1  together  look  like  a  star  seen  through  a 
mass  of  thin  fog,  which  eurroiind.s  it  with  a  sort  of  halo. 
The  coma  is  bri^test  near  tho  nuclens,  eo  that  it  is  haidly 
pwsible  to  tell  where  the  nucleos  ends  and  whi^re  the 
';r>ma  be^ns.  It  shades  off  in  every  direction  so  gradaally 
that  no  definite  boundaries  can  be  fixed  to  it.  The 
niicleua  and  c  mil  together  are  generally  callod  the  head 
of  the  comet, 

Tbe  laU  of  the  comet  is  simply  a  continuation  of  the 
Coma  extending  out  to  a  great  distance,  and  always  di- 
rected away  from  the  sim.  It  has  the  appearance  of  a 
stream  of  milky  \\^\\y  w\\\cU  g;co'«a  fiinler  and  hroada^ 
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it  recedes  from  the  head.  Like  the  coma,  it  shades  off  J 
BO  gradnally  that  it  ia  impoSBible  to  fix  any  boundaries  to  j 
Tlie  length  of  the  tail  varies  from  2"  or  3°  to  90"  or  | 
more.  Generally  the  more  brilliant  the  head  of  the  comet, 
thS  longer  and  brighter  is  the  tail.  It  is  also  often  brighter  I 
and  more  sharply  defined  at  one  edge  than  at  the  other. 

The  above  description  applies  to  comets  which  can  bo  j 
plainly  seen  by  the  naked  eye.     After  astronomers  began 
to  sweep  the  heavens  carefully  witli  telescopes,   it  was   I 
found  that  many  comets  came  into  sight  wliich  would 
'entirely  escape  the  unaided  vision.     These  are  called  td- 
j$to(^ic  contet^.     Sometimes  six  or  more  of  such  comets  aro 
discovered  in  a  single  year,  while  one  of  the  brighter  oUaa   i 
may  not  be  seen  for  ten  years  or  more. 


FlO.  101. — TELESCOPIO  COMET  ■WITH-      PlO.  103. — TKLESCOPrC  COMET 

When  comet*  are  studied  with  a  teleaeopo,  it  ii  found  I 
that  tliey  are  subject  to  extraordinary  changes  of  structure. 
To  understand  these  changes,  wo  nmst  begin  by  saying  that  1 
comets  do  not,  like  the  planets,  revolve  around  the  son  in   1 
nearly  circular  orbits,  but  always  in  orbits  so  elongated   i 
that  the  comet  is  visible  in  only  a  very  small   part  of  Its  ' 
eouree.     When  one  of  these  objects  is  first  seen,  it  is  gen- 
erally   approaching  the    sun  from    the   celestial  spaces. 
At  this  time  it  is  nearly  always  devoid  of  a  tail,  and  some- 
tiTncs  of  a  nucleus,  presenting  the  aspect  of  a  thin  \ 
i  cloudy  light,  which  may  or  may  not  ha,>i6  &  -aw^ftMa  ''TOj 
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its  centre.  As  it  approaches  the  sun,  it  is  genenllT 
to  grow  Hrighter  at  eorao  one  point,  and  there  B  nucleni 
^adaally  forms,  Iicliig,  at  firet,  so  faint  that  it  can  ecanvl; 
bo  difttiiigiiieheJ  from  the  sarrotindiDg  neboloeitv.  The 
iUXrr  is.  generally  more  extended  in  tho  (tineclion  of  tbe 
win.  tliiiB  sometimes,  giving  riae  to  the  rironeoHs  impres- 
Bion  of  a  tail  turned  toward  the  siui.  Continuing  the 
watch,  tbe  true  tail,  if  formed  at  all,  is  found  to  begin 
very  gradually.  At  firet  so  small  and  faint  as  to  be  almost 
invisible,  it  grows  longer  anJ  brighter  every  day, 
SB  the  comet  continuea  to  aj^roach  the  eon. 

ts  a.  THE  TAPOBons  EnnreusFEs. 

If  a  comet  is  very  siiiall,  it  may  nmlirgo  n 
aspect,  except  those  just  described.  If  it  is  an  nnudil 
bright  Olio,  the  next  object  nutic-eil  by  telescopic  « 
tioti  will  bo  a  bow  snrrounding  the  nuclens  on  tbeJ 
toward  tiie  sun.  This  bow  will  gradually  riao  up^ 
spread  oat  on  all  sides,  finally  af^iiming  the  fonnl 
semicircle  having  the  nnoleus  in  its  centre,  or,  to  | 
with  more  precision,  the  form  of  a  paraboU  harl:^^ 
nncleuB  near  its  focus.  Tlio  two  ends  of  this  parabAh 
mil  extend  out  further  and  further  so  as  to  form  a  part 
of  tliG  tail,  and  finally  bo  lost  in  it.  Continuing  lji« 
watch,  other  bows  wiU  he  found  to  form  aroaud  t 
elons,  all  slowly  rising  from  it  Uke  clouds  of 
These  distinct  vaporous  masses  are  called  the  envt 
they  sliado  oif  gradually  into  the  coma  so  as  to  be  with 
difficnlty  distinguished  from  it,  and  indeed  may  be  con- 
fiidered  as  part  of  it.  The  inner  envelope  ia  sometimes 
connected  with  the  nucletjs  by  one  or  more  faii-ehaped 
appendages,  the  centre  of  the  fan  being  in  the  nucleus, 
and  the  envelope  forming  its  round  edge.  This  appear- 
ance is  apparently  caused  by  masses  of  vapor  streaming 
up  from  that  side  of  the  nucleus  nearest  the  sun,  and  grad- 
ually spreading  around  the  comet    on  each  side.      The 
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form  of  a  bow  iB  not  the  real  form  of  the  envelopes,  l>ut 
onljr  the  apparent  oue  in  which  we  eee  them  projected 
tgainftt  the  background  of  the  sky.  Their  true  form  id 
■imilar  to  that  of  a  pnxaholoid  of  revolution,  eurronnding 
nucleus  on  all  sidee,  except  that  tnrned  from  the  sun. 
It  is,  therefore,  a  Burfaoe  and  not  a  line.  Perhaps  its  form 
,  be  best  imagined  by  supposing  the  sun  to  be  directly 
ive  the  comet,  and  a  fountain,  tlirowing  n  liquid  hori- 
Eontally  on  all  sidee,  to  be  built  upon  ttiat  part  of  the 
Bt  whicli  ia  uppermost.  Such  a  fountain  would  throw 
he  water  in  tlie  form  of  a  sheet,  falling  on  all  sides  of  the 
cometic  nuelens,  hut  not  touching  it.  Two  ortliree  vapor 
mrfaces  of  this  kind  are  sometiuiea  seen  around  tlie  comet, 
the  outer  one  enclosing  eacli  of  the  inner  ones,  but  no  two 
touching  each  other. 


I 
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To  give  a  clear  conceptioD  of  the  tomiatiou  and  motion  of  the 
envelopes,  we  present  two  figures.  The  first  of  these  shows  the  Bp~ 
pearance  of  the  envelopes  in  four  Burcesfiive  stages  of  their  course, 
•nd  may  be  remriieil  as  nectiona  of  the  real  umbrella-shaped  sur- 
fttcea  which  they  form,  lo  all  these  figures,  the  sun  is  supposed  la 
be  above  the  comet  in  the  figure,  and  the  tnil  of  the  comet  to  be 
directed  downward.  In  a  Itie  sheet  of  vapor  has  just  begun  to 
rise.  In  b  it  is  risen  and  expanded  jet  further.  In  e  it  has  beguu 
10  move  away  and  pass  around  the  comet  on  all  sides.  Finally, 
in  d  thte  last  motion  has  gone  so  far  that  the  higher  porliong 
have  nearly  disappeared,  the  larger  part  of  the  matter  having 
moved  asray  toward  the  tail.  Before  the  stage  e  is  reached,  - 
•econd  envelope  will  commonly  begin  to  rise  as  at  n,  so  that  I 
or  three  may  be  visible  at  the  same  time,  enclosed  within  ei 
Other. 

In  the  nest  figunt  the  actual  motion  of  tY»  m>!d«t  wtc^mo 


i 


t  cavelopM  b  ibmrn  b;  the  coarsM  of  tbe  MT«ral  il.iud 

Ttik  ■i"tiim.  it  will  he  wen,  b  not  cmj  unlike  Ihit  of 

Malm  thrown  np  fron  a  fouat*iD  on  the  pairt  of  the  nurlcut 
■MTMt  Uie  nu  mai  then  falling  down  on  k11  sides.  The  point  l« 
wUch  the  motion  ol  the  cometio  mstter  differs  from  tlut  of  (he 
foowain  ia  tbAt.  inMckd  of  being  thrown  in  continnoua  ■tiHto*. 
tj^  action  it  intermittent,  the  fountain  throwing  np  Bncceaiin 
ihfifili  of  mUler  inAead  of  coatiauoui  streams. 

Froa  tbe  uradual  ex|i«nsiaD  of  ttae«F  eovelopea  araund  thti  farjil 
of  tbe  comet  and  tbe  continual  formatian  of  new  ouea  in  the  im- 
tnediale  neighborhood  of  the  nucleus,  they  would  seem  to  be  due 
to  «  process  of  eTapontion  gcing  on  from  the  surface  of  tbe  Utter. 
Eaich  layer  of  rapur  thus  formed  ri^es  up  and  spreads  out  con- 
tinuity until  the  part  next  the  sun  Mtains  a  certain  maiinnim 
height.  Then  it  gniduail;  moves  awaj  from  the  sun,  keepng  ita 
distance  from  tbe  comet,  at  least  until  it  passes  tbe  bUter  on  ereiT 
Mdc,  and  continues  onward  to  form  the  tail. 
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These  phenomena  were  fully  observed  in  tbe  great  comet  of 
1858,  Ibe  observations  of  which  were  carefully  collected  by  thf 
Utc  Professor  Bond,  of  Cambridge.  The  envelopes  of  this  cornel 
were  firpt  noticed  on  September  20th,  when  the  outer  one  was  It' 
above  tlic  nucltiu.i  und  the  Inner  one  3'.  The  miter  one  disap- 
peared ou  Seplcmber  dOth  at  a  height  of  about  1'.  In  the  meia 
while,  however,  a  third  had  appeared,  the  second  having  gmdnally 
expanded  so  as  to  lake  the  place  of  tbe  first.  Seven  sucocbhits 
envelopes  in  all  were  seen  to  nse  from  thiscomet,  the  last  one  com- 
mencing  on  October  20th,  when  all  tbe  others  had  been  dissipat«d. 
The  rate  at  which  the  envelopes  ascended  was  generally  from  SO  to 

'         60  kilometres  per  hour,  the  ordinary  speed  of  a  railway-tnun. 

The  first  one  rose  to  a  height  of  about  30,000  kilometres,  but  it 

I         was   finally  diaaipated.     But  the  successive  ones  disappeared  at  a 

J        lower  and  lower  elevation,  the  sixth  being  lost  sight  of  at  •  height 

I       of  ftbout  10,000  kilometres. 

UL 
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In  Ihe  great  comet  of  1861,  eleven  cDvelopeB  were  seen  betireen 
July  2d,  when  portions  or  three  irere  in  eijcht,  nnd  the  lOlh  of 
Ihe  Mme  montti.  a  new  one  rising  at  regular  intervals  of  erery  «c- 
Md  da}'.  Their  evnlution  and  diosipntion  were  nrcnnipliBhrd  with 
Blach  greater  ntfiidity  than  in  the  case  of  the  grent  nimet  of  1858, 
ma  envelope  rei|uiring  hut  two  or  three  liujs  insleud  of  two  or  threa 
weeks  to  pass  through  all  its  phases. 


R  8.    THE  PHYSICAL  CJONSTrrDnOlT  OP  COMETS. 

To  tell  exactly  what  a  comet  is,  we  should  ho  able  to 
■how  how  all  the  phenomena  it  preBen(«  would  follow  from 
the  properties  of  matter,  as  we  learn  them  at  the  surface 
of  the  earth.  This,  however,  no  one  has  been  able  to  do, 
many  of  the  phenomena  being  euch  as  we  should  not  ex- 
pect from  the  known  constitution  of  matter.  All  we  can 
do,  therefore,  ie  to  present  the  principal  characteristics  of 
«omets,  as  shown  by  observation,  and  to  explain  what  is 
wanting  to  reconcile  these  characteristics  with  the  known 
properties  of  matter. 

In  the  firet  place,  all  comets  which  have  been  examined 
with  tlio  spectroscope  show  a  spectmiii  composed,  in  part 
at  least,  of  btight  lines  or  bands.  Tliese  lines  have  been 
BuppoEcd  to  be  Identified  with  those  of  carbon ;  but 
aJthough  tlic  siniiiarity  of  aspect  is  vcr}'  striking,  the  iden- 
tity cannot  be  regarded  as  proven. 
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thrxc  interpretBtionB  wilbout  hringing  in  tome  ftddilionti  Ihcnrr. 
A  inua  of  gaa  surroHndinff  so  minute  a  bod;  as  the  nudciuut  i 
tcliaropic  comet  would  expand  into  space  by  virtue  n(  it»  own 
eUnlicit;  unluw  it  were  rxf^edinglT  ta:o.  ilottova,  il  it  *«* 
iDCMidcscent,  it  would  speedily  cool  off  bo  ns  to  be  no  loop>c  wll- 
luminoiia.  Wb  must,  therefore,  propose  some  theory  lo  itfomil 
for  the  continuation  of  ttii:  luminonty  through  many  ct-nlurin,, 
«ich  a*  pli-ctric  BCtivitj  or  phosphoreKence.  But  without  liuiha 
proof  uf  acliun  of  tbcie  causes  we  cannot  accept  their  reality.  W« 
are,  therefore,  unnble  In  eay  with  certainty  how  the  light  in  lb« 
ppectrum  of  comcta  which  produces  the  bright  lines  has  its  origin. 

In  the  het  chapter  it  was  Eho\m  that  Bwarms  of  minute 
particles  called  mt^teoroidB  follow  certain  comets  in  thur 
orbits.  Tliis  is  no  doubt trueof  alleomets.  liVe  can  only 
regard  thcfe  meteoroids  as  fra^tDcnts  or  debris  of  ihe 
comet.  The  latter  hue  therefore  been  considered  by  Pro- 
fesBor  Nkwtox  as  made  up  entirely  of  meteoroide  or  email 
detached  masses  of  matter.  These  masses  are  so  siuall  laid 
BO  numerous  that  they  look  like  a  clond,  and  the  light 
which  thej  reflect  to  our  eyes  has  the  milky  uppejiranee 
peculiar  to  a  cxjmet.  On  this  theorj-  a  teleeeopic  comet 
which  has  no  nucleus  is  simply  a  cloud  of  these  minute 
bodies.  The  nuclens  of  the  brighter  eomets  may  either 
be  a  more  condensed  mass  of  such  bodies  or  it  may  be  • 
Rolid  or  liqnid  l>ody  itself. 

If  the  reader  has  any  difficulty  in  reconciling  this  t 
of  detaclied  particles  with  the  view  already  present 
that  the  envelopes  from  which  the  tail  of  the  cornel 
formed  consist  of  layers  of  vapor,  ho  must  remember  % 
vaporous  masses,  such  as  clouds,  fog,  and  smoke,  I 
really  composed  of  niinnte  separate  particles  of  wate 
carbon. 

Pormation  of  the  Comet's  TaU.— The  tail  of  the  c 
is  not  a  permanent  appendage,  but  is  composed  of  tS^ 
masses  of  vapor  which  we  have  already  described  as  as- 
cending from  the  nucleus,   and  afterward  moving  away 
from  the  sun.     The  tail  which  we   see  on  one  evening'^ 
not   absolutely  the  same  we  saw  the  evening  before 
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portion  of  tlie  latter  liaving   been   diusipated,  wLilc  iiuw    ' 
matter  has  taken  its  pla<!e,  ae  with  the  stream  of  smoke  from 
a  steamship.     The  motion  of  the  vaporous  matter  trhich 
forms  the  tail  being  always  away  from  the  sun,   there 

ifi  to  be  a  repulsive  force  exerted  by  the  eun  upon  it.  I 
The  form  of  the  comet's  tail,  on  the  supposition  that  it  is  I 
composed  of  matter  thus  driven  away  from  the  sun  with 
s  uniformly  accelerated  velocity,  has  been  several  times 
investigated,  and  found  to  represent  the  observed  form  of 
the  tail  so  nearly  as  to  leave  little  doubt  of  its  correctness. 
We  may,  therefore,  regard  it  as  an  observed  fact  that  the  | 
vapor  which  rises  from  the  nucleus  of  the  comet  is  repelled  ' 
by  the  snn  insteud  of  being  attracted  toward  it,  ae  larger  | 
masses  of  matter  are. 

No  adequ&te  explanHtion  of  this  ri?niit: 
given.     It  has,  indeed,  been  suggegted  that  it  ia  electrical  in 
character,  but  no  one  hua  ;et  proven  experimentBll;  that  Ihe  attr 
■Uon  eierted  bj  the  sun  upon  lerreBtiiul  hodiesisinSueDcuil  by  iheir   ] 
electrlc&l  stute.     \i  this  were  done,  'wc  hbaiild  have  n  key  t 

most  difficult  problems  conueeted  with  tbe  conatitution  of 
comets.     Aa  the  case  now  standi!,  tbe  reuuluon  nf  Ibe  sun  upon  the 

!t'B  toil  IS  to  be  regarded  aa  a  well -ascertained  nnd  entirely 
iaolated  fact  which  has  no  known  counterpart  in  any  olbiT  observea 
fact  of  naturr'. 

view  of  the  difficulties  we  lind  in  explaining  the  phenomena  of   i 

!t9  bv  principles  based  upon  our  terrestrial   cncmistry  and   I 
pbyiica,  the  question  will  arise  whether  the  matter  which  compost  a   ' 
these  bodies  may  not  be  of  a  constitution  entirely  different  from 
that  nf  any  mutter  we  are  acquainted  with  at  the  earth's  surface. 
If  this  were  so,  it  would  be  irapoasible  to  give  a  complete  e^iplanaiion 
of  comets  until  we  know  what  forms  matter  might  possibly  assume 
different  from  those  we  find  it  to  have  assumed  in  our  labors-  , 
tones.      This  is  a  question  which   we  merely  suggest  without 

mpting  to  speculate  upon  it.  It  can  be  answered  only  by  e.~ 
penmen tal  researches  in  chemistry  and  physics. 


g  4.    MOTIONS  OP  COMETS. 

Previous  to  the  time  of  Newtok,  no  certain  knowledge  1 
respecting  the  actual  motions  of  comets  in  the  heavens  I 
liad  been  acquired,  except  that  they  did  not  move  around  J 


rsnn  like  tlie  pUneto,  When  Newtok  investigated  ilie 
niathemstitid  rettnUs  of  the  tiieory  of  graritati-in,  he  fuDnd 
th»t  a  body  moving  under  the  attraction  of  the  sun  migll 
dpscrildi  either  of  the  tlirtse  conic  sections,  tJie  ellipt^.  par- 
abola, or  liyj)erbola.  Bodies  moving  in  an  ullijjse,  us  the 
planets,  wonli  complete  their  orbite  at  regular  int«naii 
of  tirae,  according  to  laws  already  laid  down.  But  it  It: 
body  moved  in  a  parabola  or  a  liyperboia,  it  would  neve? 
retom  to  the  sun  after  once  passing  it,  bat  would  move  ofi 
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to  infinity.  It  was,  therefore,  verv  nntiirnJ  to  conclude 
that  cnmetB  might  be  bcdii^s  which  resemble  the  planets  i" 
moving  under  the  sun's  attraction,  hut  which,  instead  of 
describing  all  ellipse  in  regular  perioila.  like  the  planets, 
move  in  parabolic  or  lij'jterbolic  orbits,  iind  therefore 
only  approach  the  sun  a  single  time  during  tlioir  whde 
existence. 

This  theory   is  now  known  to  1*  eesentJiillv  tme  { 
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Xaml  of  tlie  obeen-ed  comets.  A  few  are  indeed  found  r 
M  revolving  nround  tlie  eim  in  elliptic  orbits,  witich  differ 
'rom  those  of  the  planets  only  in  being  i\\\\e\i  inoro  ecceii- 
lic.  But  tlio  greater  number  ivLieli  have  been  observed 
lave  receded  from  the  eun  in  orbits  which  we  are  unahlo 
dietingiiish  from  parabolas,  though  it  is  possible  they 
^ay  be  extremely  elongated  ellipses.  Cometa  aro  there- 
foTQ  divided  with  respect  to  their  motions  into  two  classes : 
(1)  periodic  comets,  which  are  known  to  move  in  elliptic 
orbits,  and  to  retnm  to  the  sun  at  fixed  intervals  ;  and  {2) 
jtaralfiUc  c&met«,  apparently  moving  in  parabolas,  never 
to  retnrii. 

Tlie  firet  discovery  of  tlie  jjerlodicity  of  a  comet  ■ 
made  by  IIallky  in  connection  with  the  great  comet  of 
ir>S3.  Examining  tlie  records  of  observations,  he  found 
that  a  comet  moving  in  nearly  tlio  same  orbit  with  that  of 
lfiS2  had  been  cccn  in  10O7.  and  etill  another  in  1531. 
Jle  was  tliercfurc  led  to  the  conclusion  that  iIidbg  three 
Cuiiicta  were  really  one  and  the  same  ohjett,  returning  lo 
Ihe  sun  at  intervab  of  about  75  or  70  years.  lie  there- 
fore predicted  that  it  wmild  appear  again  aliout  the  yer.r 
1758.  But  such  a  prediction  might  be  a  year  or  more  i 
error,  owiug  to  tho  effect  of  the  attraction  of  tlio  planets 
Spnn  the  comet.  In  the  mean  time  the  methods  of  calcu- 
Uliog  tlie  attraction  of  the  planets  were  so  far  improved 
that  it  became  possible  to  make  a  more  accurate  predic- 
tion. Ab  tho  year  1759  approached,  tho  nccesnary  com- 
Jnitations  were  made  by  the  great  French  geometer  Ci.\i- 
'JtACT,  vho  assigned  April  13th,  1759,  as  tho  day  on  which 
the  comet  would  pass  its  perihelion.  This  prediction 
was  remarkably  correct.  The  comet  was  first  seen 
tJhn'stmae-day,  1758,  and  passed  its  perihelion  Mai-eJi 
ISth,  1759,  only  one  month  before  the  predicted  time. 
"Tito  comet  returned  again  in  lt>35,  within  three  days  of 
Xho  moment  predicted  by  Re  PosTKcorr.A,«(T,  the  mwt 
BTicccesful  calculator.     TIio  next  return  will  probably  take 
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S  In  1911  or  I'JH,  the  exact  time  being  still  nnknovo, 
because  the  nvcetMry  oompntations  bare  not  vet  been 
made. 

We  give  a  ligare  showing  the  position  of  the  orbit  ot 
Hallky's  comet  relative  to  the  orbite  of  the  four  oattr 
plunel^.  It  atlaiii- 
ed  its  grealeet  dit- 
Mnee  tioni  tbeeua, 
far  bejuud  the  or- 
bit of  Neplmt, 
about  iheyearlSTS, 
and  then  com 
menced  it£  return 
jouruey.  Tlie  fig- 
ure shows  the  prob- 
able position  of  the 
comet  in  1874.  It 
wae  then  far  be- 
„      .„  ,  yond  tlte  rea«Ji  of 
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the  most  powerful 
telescope,  but  its  distance  and  direction  admit  of  being 
calculated  with  so  much  precision  that  a  telescope  could 
be  pointed  at  it  at  any  required  moment. 

We  have  already  ntnted  that  great  numbers  of  comets, 
too  faint  to  be  seen  by  the  naked  eye,  are  discovered  by 
telescopes.  A  considerable  number  of  these  telescopw 
comets  have  been  found  to  be  peiiodic.  In  most  c«s«*i 
the  period  is  many  centuries  in  length,  so  that  tlie  comet* 
have  only  Iteen  noticed  at  a  single  visit.  Kight  w 
nine,  however,  have  been  found  to  bo  of  a  period  so  short 
that  they  have  Iwen  observed  at  two  or  inoiv  returns. 

We  present  a  table  of  such  of  the  periodic  comets  m 
have  been  actually  observed  at  two  or  more  returns.    A 
number  of  others  are  known  to  be  jieriodic,  but  1 
only  on  a  Biiiifle  visit  \»  uur  system. 
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TbbOTj  oT  Cometaiy  Orbits.— ^Thfn;  Ih  n  prapcrt;  of  iftli^ 
lAU  i)f   iMdiri   uroiLuil   ttiv  sua.  ftn   undftmnndlng  of  nhkti  irtfl 
onahip  U1  to   romi  a  rlivr   idra  of  entnc   miisM  wlik'h  iflvct  Ihe 
motinn  ot  tomcls.      Il  miiv  Iw  (xprvtHnl  in  the  rulluwing  [limmn : 

ThK  mum  dManeii  of  a  hoily  /ntiH  tAt  ttut,  or  tht  majar  uitM  nf  tki 
liliptf  in  nhicli  It  revolves,  dcjicndft  onl;  upon  Iho  Tclocitf  of  Die 
iHtd;  »t  a  (Tivcn  disUnco  from  Ihu  tun,  and  mn;  be  ttnaA  bjibt 
(onnuli. 


in  which  r  U  the  distsnru  from  the  sun,  p  the  vtflMCitj  with  which 
the  bodf  ia  movije,  aod  m  »  cunstont  jiroportional  to  Hip  mweof 
the  Bun  and  dcpendine  on  the  units  of  timi;  and  Iruglh  w<^  adopt. 
Tu  understand  thisTormutk,  )vt  ub  iuuginu  uurselvis  in  tho  crle*- 
tial  spaces,  with  no  planets  in  our  neigh txirhood.  Suppose  we  lure 
a  ((rvat  Dumlx^r  of  balls  and  shout  them  out  witli  tlip  suoic  velotitj. 
but  indilleruatdirectiunii.  soIhalthejwilldeg(:ribeorbit!ianiiuicIth« 
sun.  Then  the  bodies  will  all  describe  different  orbits,  owing  lu 
the  diJTrrent  directions  in  which  we  threw  them,  but  these  urhili 


will  all  possess  the  rotnarlcable  property  of  having  equal  mljor 
axea,  and  thirt'furc  equal  njean  distances  tmm  the  sun.  Sioce,  bj 
Kbpler'b  third  law,  the  jteriodic  time  depends  only  upon  the 
mean  distance,  it  follows  that  the  bodies  will  h^re  the  samu  time 
nf  revolution  nround  tlie  sun.  Conscqnentlv,  if  we  wtut  |uiticnllT 
nt  the  point  of  ]ir(ijection,  thcj  will  all  make  n  revolution  in  tli« 
HAmc  time,  and  wilt  all  come  back  ag&in  at  the  sama  moment,  each 
one  comii^g  froin  n  direction  the  opposite  of  that  in  which  it  w» 


Bquuru  of  llio  velocity  U  almost  ciiual  to  — ,  the  value  of  a  will 

become  very  grciif,  bwnuae  tho  denominator  of  the  fraction  will  bo 
very  small.  If  I  he  velixily  i»  such  that  3  m  —  rr'is  Eena,  ibo  muMi 
distance  will  Icciine  inliiiiic.  Hence,  in  this  case  the  body  will 
fly  off  to  nn  intinitu  dialiince  from  the  sun  and  never  return. 
M'leli  lean  will  it  niturn  if  the  velocity  is  still  greater.  Such  i 
vcliirity  will  make  ibu  value  of  a  al^braically  negative  and  will 
t-Drri'spond  to  tho  hyperbola. 

If  we  take  one  kilometre  per  second  as  the  unit  of  velocity,  and 
■  he  mean  diHt^nee  of  the  earth  frsm  the  tun  ns  the  unit  of  disliincu, 
iIh'  value  of  ^  will  be  represented  by  the  uumbcr  8T5,  so  that  Ihn 
formuln  for  n  will  bi>  "  =  ^  '^l-.  From  this  equaliou,  wo  may 
cnleulale  what  velocity  ii  liody  Hiovitii;  nround  tho  sun  mn<t  have 
at  any  ^vcn  distance  r,  in  order  thai  it  may  move  in  a  immbolic 
oriiit— EliHt  IS,  tlint  Ihe  denominstor  of  the  fraction  shall  vanish. 
TliU  rondilioa  will  give  P-  =    '™.     At  tie  diataiiceof  (he  earth 
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from  the  sun  we  have  r  =  1,  m>  that,  at  that  distance,  n  will  be  tha 
Vjuure  root  of  1750,  or  nearly  42  kilometres  per  second.  The  lur- 
Lher  we  get  out  from  the  sun,  the  less  it  will  b«  ;  and  we  may  remark, 
u  an  iDterestiDg  theorem,  that  whenever  the  comet  is  at  the  dis- 
taoce  nf  one  of  the  planetary  orbits,  its  relocit;  must  be  e^jual  to 
that  of  the  planet  multiplied  by  the  square  root  of  2,  or  1-414.  He. 
Hence,  if  the  velocity  of  any  planet  were  suddenly  increased  liy  « 
little  more  than  ,^  of  its  amount,  its  orbit  would  be  changed  into 
a  parabola,  and  it  would  fly  away  from  the  sun,  never  to  return. 

It  follows  from  all  this  that  if  the  astronomer,  by  obscrviDg  tha 
course  uf  a  comet  along  ita  orbit,  can  determine  its  exact  Telocity 
from  point  to  point,  he  can  thence  calculate  its  mean  distance  from 
the  sun  and  its  periodic  time.  But  it  is  found  that  the  velocity  of 
a  large  majority  of  comets  is  so  nearly  equal  Xo  that  required  for 
motion  in  a  parabola,  that  the  difference  eludes  obserration.  It  is 
hence  concluded  that  most  comets  move  nearly  in  parabolas,  and 
will  either  never  return  at  all  or,  at  best,  not  until  after  the  lapse  of 


i.   5.    ORIGIN  OP  COBTETS. 

All  that  wp  know  of  coin«ts  seeing  to  indicate  that  the^ 
did  not  originally  belong  to  onr  syBtem,  bnt  became  niem> 
bers  of  it  through  the  disturbing  foroea  of  the  planets. 
From  what  was  said  in  the  last  Gectioii,  it  will  be  seen  that 
if  a  comet  is  tnoving  in  a  parabolic  orbit,  and  its  velocity 
is  diminished  at  any  point  by  ever  bo  small  an  amount,  its 
orbit  will  be  changed  into  an  ellipae  ;  for  in  order  that  the 
orbit  may  be  parabolic,  thequaotity  2fi— r  v'  most  remain 
txactly  zero.  But  if  we  then  diminish  v  by  the  Bmallest 
•mount,  this  expression  will  become  finite  and  positive, 
and  a  will  no  longer  be  infinite.  Xow,  the  attraction  of 
K  planet  may  have  either  of  two  opposite  effects  ;  it  may 
either  increase  or  diminish  the  velocity  of  the  comet, 
fiance  if  the  latter  be  moving  in  a  parabohc  orbit,  the  at- 
traction of  a  planet  might  either  throw  it  out  into  a  hyper- 
bolic orbit,  so  that  it  would  never  again  return  to  the  huu, 
but  wander  forever  through  the  celestial  spaces,  or  it 
light  change  its  orbit  into  a  more  or  less  elongated  ellipse. 
Suppose  CD  to  represent  a  small  portion  of  the  orbit 
of  the  planet  and  A  B  h  small  portion  of  the  orbit  of  a 
oomet  passing  near  it,     Suppose  also  that  the  comet  pseaee 
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a  liitlo  in  front  at  tho  pluivt,  luicl  that  the  Bimaltaneou 
podiii^iiM  of  tlie  two  iHxliefl  aro  represented  h,T  the  com- 
6p(jiiiiinglctti.Ta*>f  thwftiplmbet,  «,  i,  c,  rf,  etc.;  theiiionesl 
iiistuicu  of  llie  two  iKxIiee  will  be  the  liue  c  c.  and  it  is 
tlicn  that  the  attraction  vtnll  he  tlie  moet  jMwerfnL 
llotwccn  re  anil  d  li  thcpl-uiet  wilt  attract  the  comet  aliuu»C 
(iirnclly  liiick'.vnr.l.  It  follows  then  that  if  a  comet  pass 
till'  pliiiK-t  in  till)  way  h«re  rupreBented,  its  velocity  will  be 
ri'tunled  hy  tltu  Bttnu-lion  of  the  latter.  If  therefore  it  be 
a  paralwlic  comet,  the  orbit  will  he  changed  into  in 
ellipse.  The  nbarer  it  passes  to  the  planet,  the  greater 
will  be  the  change,  so  long  as  it  paesua  in  front  of  it.  If 
it  passoe  liehind,  tlu 
I  reveree  effect  will 
I  follow,  and  tlie  mo- 
I  lion  will  lie  accele- 
-ated.  The  orbit  will 
I  I  lien  be  changed  iiito 
liyperlxjla.  The  or- 
I  bit  finally  described 
after  the  comet  leaTOB 
I  our  Byeteoi  will  do- 
i>end  npon  whether 
its  velocity  is  accele- 
rated or  retarded  by 
the  combined  atti-actioii  of  all  the  planet?. 

All  the  studies  which  have  been  made  of  comets  seem 
to  show  that  thoy  originally  moved  in  parabolic  orbits,  and 
were  brought  into  elliptic  orbits  in  this  way  by  (he  attrac- 
tion of  Borne  planet.  The  planet  which  has  thus  bronght 
ill  the  greatest  number  is  no  donbt  Jupiter.  In  fact,  the 
orbits  (if  several  of  the  peiiodie  comets  puss  very  near  to 
that  planet.  It  might  seem  that  these  orbits  onght  ahnost 
to  intLTscet  that  of  the  planet  wliieh  changed  them.  This 
would  he  true  at  firet,  but  owing  to  the  constant  change  in 
the  position  of  the  conietary  orbit,  produced  by  tlie  at- 
tractioo  of  the  pUneta.  tha  oTbita  woulil  gradnally 
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tway  from  each  other,  so  that  in  time  there  might  be  no 
[pproach  whatever  of  the  planet  to  the  comet. 

A  reinarkahle  case  of  this  sort  w>t»  afionlcd  hy  a  comet 
^iscuTured  in  June,  1770.  It  was  observed  in  all  nearly 
Eonr  months,  and  was  for  some  time  visible  to  the  nated 
eye.  On  calculating  Jta  orbit  from  uU  the  obscrvationB, 
Qie  astronomers  were  astonished  to  find  it  to  he  an  ellipse 
rith  a  period  of  only  five  or  six  years.  It  ought  therefore 
o  have  iippeared  n^in  in  1776  or  1777,  and  shonid  have 
returned  to  its  perihelion  twenty  times  before  now,  and 
should  also  have  been  visible  at  returns  previous  to  that  at 
nrhich  it  was  first  seen.  But  not  only  was  it  never  se 
before,  but  it  has  never  lieen  seen  since  I  The  reason  of 
ita  disappearance  from  view  was  brought  to  light  on  cal- 
culating its  motions  after  its  first  discovery.  At  its  re- 
turn ill  ITifi,  the  earth  was  not  in  the  right  part  nf  its 
orbit  for  seeing  it.  On  passing  out  to  its  aplielioii  a^uin, 
labout  the  lieginning  of  1779,  it  encountered  the  planet 
Jujiiter,  and  approached  so  near  it  that  it  was  impossible 
to  detcnnine  on  which  side  it  passed.  This  approach,  it 
■will  be  remembered,  could  not  he  observed,  because  the 
comet  was  entirely  out  of  sight,  but  it  was  csilcnlated  with 
abeolnte  certainty  from  the  theory  of  the  comet's  motion. 
The  attraction  of  t/u/j^i^/*,  therefore,  tlii-ew  it  into  some 
orbit  so  entirely  different  that  it  has  never  been  seen  since. 

It  is  also  highly  probable  that  the  comet  had  just  been 
brouglit  in  by  the  attraction  of  Jupiter  on  the  very  revo- 
lution in  which  it  was  first  observed.  Its  history  is  this  : 
Approaching  the  sun  from  tlio  stellar  spaces,  probably  for 
the  first  time,  it  passed  so  near  Jupiter  in  1707  that  its  or- 
bit was  changed  to  an  ellipeo  of  short  period.  It  made 
two  complete  revolutions  aronnd  tlie  sun,  and  in  1779 
again  met  the  planet  near  the  same  place  it  had  met  him 
'  Wfore.  The  orbit  was  again  altered  eo  much  that  no  tel- 
escope has  found  the  comet  since.  No  other  case  bo  re- 
markable as  this  has  ever  been  noticed. 

Not  only  afL'  new  comets  oocasionaUj  X^xciw^A  \ft  ^tvna- 
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the  BtfUar  Bpacea,  but  old  one*  may,  as  it  were,  fade  awjj- 
uul  (lie.  A  case  of  this  sort  la  afforded  by  Biela's  comel, 
wluch  has  not  tx^n  raen  since  1852,  and  aeenis  to  liave  en- 
tirwly  diBappearod  fr«.>m  the  heavens.  Its  liistory  is  so  in 
stmctivo  that  we  present  abrief  Eynopeifiof  it.  It  was  fini 
observed  in  1772,  again  in  18n.i,  and  then  a  third  time  in 
1S34I.  It  waa  not  until  this  third  apparition  that  it£  peri- 
odicity was  recognised  and  its  previooa  appearances  iden- 
tified as  those  of  the  eanie  body.  The  period  of  ri?voIu- 
tion  waa  found  to  i>e  between  bix  and  seven  years.  It  was 
BO  small  U6  to  be  visible  in  ordinary  telescopies  only  wlieo 
the  eaith  waa  near  it,  which  wonld  occur  only  at  one  re- 
turn out  of  three  or  four.  So  it  was  not  seen  again  until 
near  the  end  of  1845.  Nothing  remarkable  wa£  noticed  in 
its  appearance  until  January,  IS4fi,  when  all  were  aslon- 
islied  to  find  it  separated  into  two  complete  comets,  one  a 
little  brighter  tlian  the  other.  Tiie  computation  of  Pro- 
fea»or  HrBBABD  makes  tho  distance  of  the  two  bodies  to 
have  been  2W).I>00  miles. 

The  next  observed  retom  was  that  of  1852,  when  the 
two  comets  were  again  viewed,  but  far  more  widely 
separated,  their  distance  having  increased  to  about  a  mil- 
lion and  a  half  of  miles.  Their  brightness  was  so  nearly 
equal  that  it  was  not  possible  to  decide  which  should  be 
considered  the  principal  comet,  nor  to  determine  with 
certainty  which  one  should  be  considered  as  identical  with 
the  comet  seen  during  the  previous  apparition. 

Though  carefully  looked  for  at  every  subsequent  return, 
neither  comet  has  been  seen  since.  In  1S73.  Mr.  Poosos. 
of  Madras,  thought  that  ho  got  a  momentary  view  of  the 
comet  through  an  opening  between  the  clouds  on  astormy 
evening,  but  the  position  in  which  he  supposed  himself  to 
observe  it  was  so  far  from  the  calculated  one  that  his  obser- 
vation has  not  been  accepted. 

Instead  of  the  comet,  however,  wo  had  a  meteoric  shower. 
Tlie  orbit  of  this  comet  almost  intersects  that  of  the  earth. 
It  was  therefore  to  be  expected  that  the  latter,  on  passing 
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(io  orbit  of  the  comet,  wonid  LtiterBeet  tlie  fragmentary 
netcoroids  siippoecd  to  follow  it,  as  explained  in  the  last 
ekapter.  According  to  the  calculated  orbit  of  the  comet,  it 
erofifieil  tlie  point  of  intersection  in  September,  IS'i,  while 
the  earth  passes  the  same  point  on  November  37tii  of  each 
year.  It  was  therefore  predicted  that  a  meteoric  shower 
would  be  seen  on  the  night  of  November  2"t!i.  tlic  radiant 
point  of  wliich  would  be  in  the  constellation  Andromeda, 
Tliifi  prediction  was  completely  verified,  but  the  meteors 
were  bo  faint  that  thongh  they  succeeded  each  other  quite 
rapidly,  they  might  not  have  been  noticed  by  a  casual 
observer.  They  all  radiated  from  the  predicted  point  with 
•uch  exaotue^  that  the  eye  conld  detect  no  deviation  what- 
ever. 

We  thns  have  a  third  case  in  which  meteoric  ehowera 
are  associated  with  the  orbit  of  a  comet.  In  this  case,  tiow- 
the  comet  has  been  completely  dissipatetl,  and  proba- 
bly has  disappeared  forever  from  telescopic  vision,  though 
it  may  be  expected  that  from  time  to%timeits  invisible 
fragments  will  form  meteors  iti  the  earth's  atmosphere. 

BI.E  COMETS. 

it  is  famiharly  known  that  bright  comets  were  in  former 
years  objects  of  great  terror,  being  supposed  to  presage 
the  fall  of  empires,  the  death  of  monarchs,  the  approach 
of  earthquakes,  wars,  pestilence,  and  every  other  calamity 
■Inch  could  atHict  mankind.  In  showing  the  entire 
groundlessness  of  sucJi  fears,  science  has  rendered  one  of  its 
greatest  benefits  to  mankind. 

In  145fi,  the   comet    known   as  IIallev's,   appearing 

len  the  Turks  were  making  war  on  Christendom,  caused 
Buch  terror  that  Pope  Calixtls  ordered  prayers  to  be 
offered  in  the  churches  for  protection  against  it.  Thi 
is  finppoeed  to  lie  the  origin  of  the  popular  myth  that  the 
Pope  once  issued  %  bull  against  the  comet. 

The  nunil>er  of  comets  visible  to  the  naked  eye,  so  far 
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TccuTtled,  lias  geiiorallj'  nnged  from  SO  to  40  in  a  cen- 
mrr.  On\y  %  small  portion  of  tlie«e,  however,  hare  been 
so  bright  ae  lo  excite  universal  notice. 

Comet  of  le&O. — One  of  the  most  remarkable  of  the»e 
briUiaDt  conieta  is  that  of  16i^0.  It  innpired  bnch  terror 
tliat  a  medal,  of  which  we  preaeot  a  Q^re,  was  etruck 
upon  the  Continenl  nf  Europe  to  quii't  apprebeosion.  A 
free  translation  of  the  inscriptiou  k  :  "  The  star  thnatciu 
evil  thiiye;  tnisl  only!  God  will  turn  them  to  good." 
What  mtiki«  this  comet  i'sjwoinllj- n.markalile  in  !i' 
is  that  NKHTtiN  calculated  itii  nrlnt,  and  showMl  tkl 
moved  amnnd  the  sun  in  a  conic  eecdon,  in  obodien 
the  law  of  gravitation. 


Pi'i.    HUP. -M 


Oreet  Comet  of  leil.  — Fi^.  110  shon-s  its  general  ap- 
jiearance.  It  has  a  period  of  over  SOfHI  jeara,  and  its 
aj>lLelion  distance  is  about  40,000,000,000  miles. 

Groat  Comat  of  184S. — One  of  the  nio8t  brilliant  com- 
et* which  hiive  iippeared  during  tho  present  centnry  was 
that  of  February,  1843.  It  was  visible  in  full  dajliglit 
close  to  th(!  6un.  Considerable  terror  was  caneed  in  some 
quarters,  lest  it  might  presage  the  end  of  the  world, 
which  Iiad  been  predicted  for  tliat  year  by  MiLtER.  At 
perihelion  it  passed  nearer  the  sun  than  any  other  body 
has  ever  been  known  to  pass,  the  least  distance  being  only 
about  one  lifth  of  the  snn'a  semi -diameter.  With  a  vety 
Blight  change  of  its  original  motion,  it  would  have  actually 
fallen  into  the  sun. 


GJISA  T  UOJiRT  OF  1838. 
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Great  Comet  of  1868. — Another  remarfe 
iie  leDgtli  of  time  it  remained  viBible  was  that  ( 
"t  is  frequently  cilled  after  the  name  of  Donati, 
severer.      No    eomet    vieiting    our    neighbor] 


»iit  times  has  afforded  eo  favorable  an  opportu 
tndying  its  physical  cunetitutiou.  Soiue  of  the  r 
3)e  obeerratluiitt  uiade  upon  it  have  alteadv  betftt  5 


Its  greatest  brilliancy  occurred  ubout  the  begiiiiiitig  of 
Octouer,  when  !•«  tail  wns  40^  in  length  and  10°  in  bi-cadtli 
It  its  outer  end. 

DoNATi's  comet  had  not  long  been  observed  when  it 
HTBs  found  tiiat  its  orbit  was  decidedly  elliptical.  Aft«r  it 
disappeared,  the  olwervatioUB  were  all  carefully  investigated 
bjr  two  mathematicians,  Dr.  Von  Abten,  of  Gennany, 
IDd  Mr.  G.  W.  lliLL,  of  this  comitry.  The  latter  found 
1  period  of  lltoU  years,  which  is  probably  within  a  half  a 
Ktittury  of  the  trutli.  It  is  probable,  therefore,  that  this 
met  npiKKired  about  the  tirst  century  before  the  Chris- 
0  em,  and  will  return  again  about  th«  year  3800. 


't 


Bnoke's  Comet  and  the  Besisting  Uedium.— Of  telescopic 
oinet«,  that  which  liaa  been  Diost  invvvci^iilt^d  liy  natron omirrs  ii 
inowii  as  KvcKEB  comet.  Its  period  is  btlween  three  and  four 
rurs.  Viewed  with  a  telescope,  it  is  not  ililTereni  in  any  respect 
tram  other  telegcopic  comets,  appearing  simply  as  a  muss  of  foggy 

S;ht,  somewhat  brighter  near  one  aide.  Under  the  most  favomblu 
rciunstances,  it  19  juat  viaible  to  the  nuked  eye.  The  cireuinstanL'u 
'hich  has  lent  most  interest  to  this  comet  is  that  the  observatidns 
'bicfa  have  been  made  upon  it  seem  to  iudieute  that  it  is  gradually 
lujHtNwhing  the  sun.  Enckb  attributi  d  this  change  in  its  orbit  to 
;ne  existvnee  in  sjmcc  of  a  resistitig  medium,  s-a  rnre  as  to  have  no 
ipprKoiable  effeet  upon  the  motion  of  tbe  planets,  and  to  be  felt 
Mily  b/  bodies  of  cxln-mc  tenuity,  like  ihe  telescopic  comets.  The 
ipproach  of  the  roinet  10  the  sun  is  shown,  not  by  direct  obser- 
^»t]On,  but  only  by  a  gradual  diminution  of  the  period  uf  revolu- 
ion.  It  will  be  many  centuries  before  this  period  would  be  so  tar 
llmlnisbcd  that  the  comet  would  actually  touch  the  sun. 

If  the  change  in  the  period  of  this  comet  were  actually  due  to 
ho  cause  which  EitcxE  supposed,  then  nther  faint  comets  of  the 
■me  kind  ought  to  be  subject  to  a  similar  influence.     But  the  in- 
jatlona  which  huve  been  made  in  recent  times  on  these  bndies 
lOW  DO  deviation  of  the  kind.     It  might,  therefore,  be  concluded 
it  Ihe  change  in  the  jieriod  of  Enokk's  comet  must  be  due  to 
M  other  cause.     There  is,  however,  one  circumstance  which 
iVM  OS  in  d^ubt.     Encke's  comet  passes  nearer  the  sun  than  any 
~     comet  of  short  period  which  has  been  observed  with  sutii- 
aire  to  decide  the  question.     It  may,  therefore,  be  supposed 
it  the  resisting  medium,  whatever  it  may  be,  is  densest  near  the 
I,  and  does  not  extend  out  far  ennugh  for  the  other  comets  to 
et  it.     The  question  is  one  very  diHieuU  to  settle.     The  fact  is 
that  all  comets  exhibit  alight  anomalies  in  their  motions  which  pre- 
vent us  from  deducing  conclusions  from  t lie m  with  the 
tainty  that  we  should  from  those  of  the  planets. 
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INTRODUCTION. 

Ik  our  Etndies  of  the  heavenly  bodies,  we  have  hitherto 
been  occupied  almnet  entirely  with  those  of  the  solar  syi- 
tem.  Although  this  system  coiiipriBeB  the  bodies  which 
are  most  important  lo  us,  yettliey  form  only  an  insignifi- 
cant part  of  creation.  Besides  the  earth  on  whicli  we 
dwell,  only  seven  of  the  bodies  of  the  solur  system  are 
plainly  visible  to  the  naked  eye,  whereas  it  is  well  knowB 
that  2000  stars  or  more  can  be  seen  on  any  clear  night. 
We  now  have  to  describe  the  visible  universe  in  its  largest 
extent,  and  in  doing  so  shall,  in  iniuginatiun,  step  over 
the  bounds  in  whidi  we  have  hitherto  confined  oureelves 
and  fly  tlirungh  the  immensity  of  space. 

The  material  universe,  as  revealed  by  modem  telescopic 
investigation,  consists  principally  of  shining  bodies,  many 
millions  in  number,  a  few  of  the  nearest  and  brightest  of 
which  are  ^-isible  to  the  naked  eye  as  stars.  They  extend 
trat  as  far  as  the  most  powerful  telescope  can  penetrate, 
and  no  one  knows  how  much  farther.  Our  snn  is  simply 
one  of  these  stars,  and  does  not,  so  far  as  we  know,  differ 
from  its  fellows  in  any  essential  characteristic.  From  the 
most  careful  estimates,  it  is  rather  less  bright  than  the 
average  of  the  nearer  stars,  and  overpowers  them  by  its 
brilliancy  only  becauso  it  is  so  much  nearer  to  us. 

The  distance  of  the  stars  from  each  other,  and  therefore 
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from  the  sun,  is  immensely  greater  than  anv  of  the  dis- 
tances which  we  have  hitherto  had  to  cotuider  in  the  mIht 
6>-stetn.  Snppogf,  for  luetAUce,  that  a  walker  ihrongii 
the  celestial  spaces  cotUdetart  out  from  the  sun,  taking  Me|e 
3000  mileo  long,  or  equal  to  the  distance  from  Liverpool  to 
New  York,  and  making  130  steps  a  minute.  This  spe«l 
wouM  cany  him  around  the  earth  in  about  four  se«)nJs ; 
he  would  walk  from  the  sun  to  the  earth  iu  four  hours,  and 
in  five  days  he  would  rea^-h  the  orbit  of  Xfptunf.  Tet  if 
he  should  start  for  the  nearest  star,  he  would  not  reacb  it 
in  a  hundred  years.  Long  before  he  got  tliere,  the  whole 
urbit  of  yejAune,  supposing  it  a  visible  object,  would  have 
been  reduced  to  a  point,  and  have  finally  vanished  fron 
sight  altogether.  In  fact,  tlie  nearest  known  star  is  abonl 
seven  thousand  times  as  far  as  the  planet  y^ptwut.  If 
wo  euppoee  the  orbit  of  this  planet  to  lie  represented  by  a 
child's  hoop,  the  nearest  star  would  be  Uiree  or  four  miles 
away.  We  have  no  reason  to  suppose  that  coutignons 
stare  are,  on  the  average,  nearer  than  this,  except  in  speciil 
cases  where  they  are  collected  together  in  clnsters. 

The  total  number  of  the  stars  is  estimated  by  miliiom. 
and  they  are  probably  separated  by  these  wide  intervals. 
It  follows  that,  in  going  front  the  sun  to  the  nearest  star, 
we  would  be  simply  taking  one  step  in  the  universe.  The 
most  distant  tstars  visible  in  great  tetescope6  are  probably 
sevenil  thousand  times  more  distant  than  tlie  nearest  one, 
and  we  do  not  know  what  may  lie  beyond. 

The  point  we  wish  principally  to  impress  on  the  reader 
in  this  connection  is  that,  although  the  stars  and  planets  prt-- 
sent  to  the  naked  eye  so  great  a  similarity  in  appearaiico, 
there  is  the  greatest  possible  divereity  in  their  distances 
and  characters.  The  planets,  thongli  many  millions  of 
miles  away,  are  comparatively  near  us,  and  form  a  little 
family  by  themselves,  which  is  called  the  solar  system. 
The  fixed  stars  are  at  distances  incomparably  greater — the 
nearest  star,  as  just  stated,  being  thousands  of  times  more 
distant  than  the  farthest  planet.     The  planets  are.  so  far 
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88  we  call  see,  worlds  somewhat  like  tliis  on  which  we  Uve, 
while  the  stars  are  suns,  generally  larger  and  brighter  than 
our  own.  Each  star  may,  for  aught  we  know,  have  plan- 
ets revolving  around  it,  but  their  distance  is  so  immense 
that  the  largest  planets  will  remain  invisible  with  the  most 
powerful  telescopes  man  can  ever  hope  to  construct. 

The  classification  of  the  heavenly  bodies  thus  leads  us  to 
this  curious  conclusion.  Our  sun  is  one  of  the  family  of 
Btars,  the  other  members  of  which  stud  the  heavens  at 
night,  or,  in  other  words,  the  stars  are  suns  like  that  which 
makes  the  day.  The  planets,  though  they  look  like  stars, 
are  not  such,  but  bodies  more  like  the  earth  on  which 
we  live. 

The  great  universe  of  stars,  including  the  creation  in  its 
largest  extent,  is  called  the  stellar  system^  or  stellar 
universe.  We  have  first  to  consider  how  it  looks  to  the 
naked  eye. 


CHAPTER  I. 

THE   CONSTELLATIONS. 
i  1.    OENEBAL  ASPECT  OF  THE  HEATEVS. 

Fben  wp  view  tho  liGHVPns  willi  llie  unassisted  eye,  fl 

■tare  appear  to  be  a(»ttercd  dl-kHy  &t  raniloin  over  tiie 
Borface  of  the  celestial  vault.  Tliconlydeviation  frum  w 
entirely  rarnlitm  distribution  whicli  can  Ikj  tiatiwd  is  a  ctr- 
tain  gronpinf;  of  tiie  brigliter  ones  into  coiisidlations- 
We  notice  also  that  a  few  am  comparatively  much  brigliter 
tlian  the  rost.  and  tliat  there  is  evury  gradation  of  bril- 
liancy, from  that  of  thu  brightest  to  those  wliicli  are  !)arely 
vieible.  Wc  also  notice  at  a  glance  that  the  faintei'  stars 
outnumlier  the  bright  ones  ;  so  that  if  wl-  divide  the  etan 
intocl&sses  according  to  their  brilliancy,  tlie  faiutur  classes 
will  be  far  the  more  numirrous. 

The  total  number  one  can  see  will  depend  very  largely 
□pon  the  clearness  of  the  atmosphere  and  the  keenness  of 
the  eye.  From  the  moat  careful  eetimatee  which  have 
l>een  made,  it  would  appear  that  there  are  in  the  whole 
celestial  sphere  about  6(H)0  stars  visible  to  an  ordinarily 
good  eye.  Of  tliese,  however,  we  can  never  see  mope  tlian 
a  fraction  at  anyone  time,  because  one  half  of  the  sphere  is 
always  of  necessity  helow  the  horizon.  If  we  could  see  a 
star  in  the  horizon  as  easily  as  in  the  zenith,  one  half  of  the 
■whole  nnmber,  or  3000,  would  be  visible  on  any  clear  night. 
But  stars  near  the  horizon  are  seen  through  so  great  a 
thickness  of  atmosphere  as  greatly  to  obscure  tht-ir  light ; 
consequently  only  the  brightest  ones  can  there  be  seen.  As 
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a  result  of  tlis  obecuration,  it  is  not  likely  that  niwre  than 
2000  stare  can  ever  be  taken  in  at  a  single  view  by  any 
ordinary  eye.  Alx)iit  2000  other  stars  are  eo  near  the 
South  Pole  that  they  never  rise  in  our  latitudes.  Hence 
out  ot  tlie  60lXt  supposed  to  be  visible,  only  4000  ever 
come  witliin  the  range  of  our  vision,  unless  we  make  a 
journey  toward  the  equator. 

The  Galaxy.— Another  feature  of  the  heavens,  which  is 
lc«6  striking  than  the  stars,  but  has  l>een  noticed  from 
the  earliest  times,  is  the  Galaxy,  or  MilJcy  Way.  This 
object  consists  of  a  magniticent  stream  or  belt  oi  white 
milky  light  10°  or  15°  in  breadth,  extending  obliquely 
around  tlie  celestial  sphere.  During  the  spring  months,  it 
nearly  coincides  with  our  horizon  in  the  early  evening, 
but  it  can  readily  be  seen  at  all  other  times  of  the  year 
•panning  the  heavens  like  an  arch.  It  is  for  a  portion  of 
its  length  split  longitudinally  into  two  parts,  which  I'emain 
separate  ihrougli  many  degrees,  and  are  finally  united 
again.  The  student  will  obtain  a  better  idea  of  it  by 
actual  examination  than  from  any  description.  He  will 
see  that  its  irregularities  of  form  and  lustre  arc  such  that 
in  some  places  it  looks  like  a  mass  of  brilliant  clouds.  In 
the  southern  hemisphere  there  are  vacant  spaces  in  it 
which  the  navigators  call  coal-eacks.  In  one  of  these, 
&"  by  18°,  there  is  scarcely  a  single  star  visible  to  the 
naked  eye  (see  Figs.  121  and  132). 

Luoid  and  Telescopic  Stars.  —  When  we  view  the 
heavens  with  a  telescope,  we  tind  that  there  ai-e  iimumer- 
able  stars  too  small  to  be  seen  by  the  naked  eye.  We 
may  therefore  divide  the  stars,  with  respect  to  brightness, 
into  two  great  clueees. 

Lucid  Stars  are  those  which  are  visible  without  a  tele- 
scope. 

Telescopic  Stars  are  those  which  are  not  so  visible. 

When  Galileo  first  directed  liis  telescope  to  the  heav- 
ens, about  the  year  1*J10,  he  perceived  that  the  Milky 
Way  was  composed  of  stare  too  faint  to  be  individually 
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•e«n  hy  the  tmaided  eye.  We  thus  liave  the  intei 
fiurt  Ui&t  although  telescopic  eUre  cannot  be  Beun  one  by 
ooe,  ycl  in  iho  r^ion  of  the  HUkj  Way  they  are  eo  nuracr- 
oua  that  they  ehiiie  in  mafiees  like  brilliant  clouds.  Hct- 
oiiExs  in  1656  resolved  a  large  portion  of  the  Galasy  Into 
BtaK,  and  concluded  that  it  was  couipoeed  entirely  of  them. 
Kepi-eb  considered  it  to  be  a  vast  ring  of  stars  snrround- 
ing  the  solar  gystem,  and  remarked  that  the  snn  iiiuBt  be 
eituattid  near  the  centre  of  the  ring.  Tliis  view  agree* 
very  well  with  the  one  now  received,  only  that  tlie  stare 
which  form  the  Milky  Way,  instead  of  lying  aronnd  the 
Rolar  system,  are  at  a  distance  bo  vast  tis  to  elude  all  onr 
powers  of  calculation. 

Such  are  in  brief  the  more  salient  phenomena  which 
are  presented  to  an  observer  of  the  starry  heavens.  We 
shall  now  consider  how  these  phenomena  have  been  cla&- 
sified  by  an  arrangement  of  the  stars  according  to 
brilliancy  and  their  situation. 


g  8.    KAG-NmrDES  OF   THE    STABS. 


1 


In  ancient  times,  the  stars  were  arbitrarily  clasfiified 
bix  ortlers  of  magnitude.  The  fourteen  brightest  visible 
our  latitude  were  designated  as  of  the  first  magnitude,  while 
those  which  were  barely  visible  to  the  naked  eye  were  said 
to  he  of  the  sixth  magnitude.  This  classification.  It  wil! 
be  noticed,  is  entirely  arbitrary,  since  there  are  no  two 
stars  which  are  absolutely  of  the  same  brightness,  while  if 
all  the  stars  were  arranged  in  the  order  of  their  actual 
bi-illtancy,  wo  should  find  a  regular  gradation  from  the 
brightest  to  the  faintest,  no  two  being  precisely  the  same, 
Therefore  the  brightest  star  of  any  one  magnitude  is 
about  of  the  same  brilliancy  with  the  faintest  one  of  the 
next  higher  magnitude.  It  depends  upon  the  judgment 
of  the  observer  to  what  magnitude  a  given  star  shall  be 
assigned  ;  so  that  we  cannot  expect  an  agreement  on  this 
point.     The  most  recent  and  careful  division  into  magni- 
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tildes  lias  been  made  hy  Hkis,  of  Germany,  wlii])>t!  ri^ulte 
with  respect  to  numbera  are  as  follnws.  Between  the 
North  Pole  and  35°  south  declination,  there  are  : 

14  atara  of  the  firat  magnitude. 

43     "       "        second      " 
152     "       '■        third 
313     ■'       "        fourth 
854     "       "        fifth 
3974     "       •■        sixtli 

5355  of  the  first  six  magnitudes. 

Of  these,  however,  nearly  2000  of  the  sixth  magnitude 
are  so  faint  that  they  can  be  seen  only  by  an  eye  of  extra- 
ordinary keenness. 

ta  order  to  secure  a  more  accurate  cliisaificatian  and  e!i|ireHaloD  of 
brightRCM,  Hei8  uid  others  have  divided  eadi  mngointde  into 
three  orders  or  aub-tnagoitudea,  making  eighteen  otdcn  in  all 
visible  to  the  nuked  eye.  When  a  tilar  was  considereil  us  fulling  be- 
tween (wo  magnitudes,  both  figuren  were  written,  putting  the  mag- 
Kitude  to  whieh  the  star  moat  nearly  approached  first.  For  in- 
stance, the  faintest  atara  of  the  fourth  magnitude  were  called  4'5. 
The  next  order  below  this  would  be  Che  brightest  of  the  fifth 
magnitude  ;  theae  were  called  5'4.  The  stars  of  the  average  fifth 
magnitude  were  called  S  simply.  The  fainter  ones  were  called  S-fl, 
ana  so  on.  This  notation  is  still  used  by  some  astronomers,  but 
those  who  aim  at  greater  order  atid  precision  express  the  mngni' 


tudes  in  tenths.  For  instance,  the  fainu^et  stars  of  the  fifth  magni- 
tude tliey  would  call  4-6,  those  one  tenth  fainter  4",  aiid  so  on 
until  they  reached  the  average  of  the  fifth  maguitude,  which 
would  be  5'0.  The  division  into  tenths  of  magnitudes  is  as  mi- 
nute a  one  as  the  practised  eye  is  able  to  make. 

This  method  of  designating  the  brilliancy  of  a  star  on  a  scale  of 
magnitudes  is  not  at  all  accurate.  Several  attempta  have  been 
IDMe  in  recent  timeii  to  obtain  more  accurate  determinations,  by 
measuring  the  light  of  the  stars.  An  instrument  with  which  thia 
can  be  done  is  called  a  phutomeUr.  The  results  obtained  with  the 
photometer  have  been  used  to  correct  the  scale  of  magnitudes 
and  make  it  give  a  more  accurate  txpression  for  the  light  of  the 
atan.  The  study  of  such  measures  shows  that,  for  the  most  part, 
the  brightness  of  the  stnrs  increases  in  geometrical  progression  aa 
the  magnitudes  vary  in  arithmetical  prngi'cssion.  The  E<tar8  of  one 
magnitude  are  generally  about  2|  limes  as  bright  as  those  of  the 
aiagnitude  neat  below  it.     Therefore  if  we  take  the  light  ot  a  star 
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of  Ihc  »ixlh  magnitude,  whicti  U  juat  visible  to  the  Mked  •^^  u 
unity,  we  tliall  liave  th*   following  scsle  :  ^ 

Mn^itiKle  6th,   brightneSB     I 
5ih.  ■■  2i 

1th,      "        6i 

--      »rly 


lu, 


40 
100 


Therefore,  according  to  theM  estimAtes,  an  average  star  of  tlie 
Bnt  magnitude  is  about  100  times  as  bright  as  one  of  the  sixth. 
There  is,  however,  a  deviation  from  this  scaLe  in  tlie  case  of  the 
bri)(hter  magnitudes,  sd  average  star  of  the  second  roagaitude 
being  perhaps  three  times  as  bright  as  one  of  the  third,  and  tno^l 
of  the  stats  of  the  first  maKoitude  brighter  than  those  of  the  second 
in  a  yet  larger  ratio.  Inueed,  tlie  first  msgnitude  stars  differ  so 
greatly  in  brightness  that  we  cannot  aaj  how  bright  a  standard 
etar  of  that  magnitude  really  is.  Siriut,  for  instani-t,  is  j)robnblj 
SOD  times  as  bright  as  a  sixth  magnitude  BTnr. 

The  logarithm  of  2i  licing  very  nearly  010,  we  can  readily  find 
how  many  stars  of  any  one  magnitude  are  necessary  to  make  one  of 
the  higher  magnitude  by  multiplying  the  difference  of  the  magni- 
tude by  0-40,  and  taking  the  nuni1>er  correnponding  to  this  logarithm. 

This  scale  will  enable  us  to  calculate  in  a  rongh  way  the  magni- 
tude of  the  smallest  stars  which  can  be  seen  with  a  telescope  of  given 
aperture.  The  quantity  of  light  which  a  telescope  admits  is  directly 
aa  the  square  of  its  aperture.  The  amount  of  light  emitted  by  the 
faintest  star  visible  in  it  is  therefore  inversely  as  this  square.  If  we 
increase  the  aperture  50  per  cent,  we  increase  the  seeing  power  of 
our  teleseope  about  one  magnitude,  More  exactly,  the  ratio  of  in- 
crease of  aperture  is  V2).  or  1-58.  Tliepupilof  the  eye  is  probably 
equivalent  to  a  telescope  of  about  ^  of  an  inch  in  aperture  ;  that 
is,  in  a  telescope  of  tins  size  the  faintest  visible  star  would  be  about 
of  the  sixth  magnitude.  To  find  the  exact  magnitude  of  the 
faintest  star  visible  with  a  larger  telescope,  we  recall  that  the 
quantity  of  light  received  by  the  objective  is  proportional  to  the 
square  of  the  aperture.  As  just  shown,  every  time  we  multiply  the 
B()uare  of  the  aperture  by  2i,  or  the  aperture  iteelf  by  thi-  Bquare 
root  of  thia  quantity,  we  add  one  magnitude  to  the  power  of  our 
telescope.  Therefore,  if  wc  call  it  the  aperture  of  a  telescope 
which  would  just  show  a  star  one  magnitude  brighter  than  the 
fitBt  (or  mag.  0),  the  aperture  necessary  to  show  a  star  of  magnitude 
m  will  be  found  by  multiplying  n,  by  1  '08  m  times — that  is,  it  wilt 
be  LSS"  u>.      Bo,  calling  a  this  aperture,  we  have  : 
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a  =  l..'58"-i„  = 
Tabinjt  the  lotnrithms  of  both  aides 
proxlmats  round  numbets  which  arc  e 


,  I  2-5~. 


xames  of  the  stars. 

n.l,  "lipn   m  =fi,   a   =  C'-aS  =  6-4  milllm 


Hence,  when  the  magnitude  Is  given,  and  we  wish  to  find  the  kpeilar 
\ag.n=-   —  1-803  [will  giveaperturo  in  InclieB.] 

iaa-  a  =  -   —  0-807  [will  give  aperture  in  mlUlme[reB.| 

If  the  iprrture  ia  (•iven,  and  we  require  ibe  limiting  magnitude  . 

M  =  6  log,  (I  -1-  0  0  [if  <J  is  in  Indiee.] 

m  =  Slog,  a  +  2-0  [If  a  IB  in  millimetre.] 
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The  earliest  astronoiuers  diviiJed  the  Btara  into  groups, 
called  constellattonB,  and  gave  special  proper  names  both 
to  theee  groups  and  to  many  of  the  more  conepicuoue 
stars.  We  have  no  record  of  the  process  by  which  ttiia 
was  done,  or  of  the  considerations  which  led  to  it.  It  was 
long  before  the  coininencenient  of  hietorr,  as  we  may  in- 
fer from  different  allusions  to  the  stars  and  constellations 
in  the  book  of  Joi,  which  is  supposed  to  be  among  tho 
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iiioat  aiident  writiiijp  now  extant.  We  have  evidence 
Iliat  num!  tliai)  SIMMI  yoare  Iwfore  the  cominencement  of 
tlic  Christian  chronolt^  the  star  iS>WiM.  the  brightest  in 
the  heavena,  wae  known  to  the  Egyptians  under  the  luune 
of  Sothii.  Arelurim  is  mentioned  by  Job  hiineelf.  The 
seven  stars  of  the  Great  Bear,  8o  eoiuspicuous  in  our  Dorih- 
cni  sky,  were  knonni  under  that  name  to  Homkr  and  Hk- 
Kioii,  ns  well  as  tlie  jjroup  of  tlie  Pleiades,  or  Seven  Slats, 
and  the  constellation  of  Orion.  Indeed,  it  would  ecKn 
that  all  the  earlier  civilized  nations.  Egyptians,  CliineBC, 
(ii-eeks,  and  Hindoos,  had  some  arbitrary  division  of  tlte 
Kiirfu-e  of  the  heavens  into  irregular,  and  often  fantastic 
Kh»pcs,  which  were  distinguished  by  names. 

In  early  times,  the  iianies  of  heroes  and  animak  vren 
given  to  the  uonstellations,  and  these  designations  lia.Te 
eonie  down  to  the  present  day.  Each  object  was  BOp- 
potied  to  be  painted  on  the  siirface  <if  the  heavens,  and  the 
iitiirs  were  designated  liy  their  position  upon  some  portion 
of  the  object,  Tlie  ancient  and  mediieval  astronomen 
would  speak  of  "the  bright  star  in  tJie  left  foot  of 
On'on,^"  "the  cyeof  the^w/^,"  "  the  heart  of  theZtim," 
"  the  head  of  Peraeus^^''  etc.  These  figures  are  still  re- 
tained upon  some  star-charts,  and  are  useful  where  it  is 
<k-sired  to  compare  the  older  descriptions  of  the  constella- 
tions with  our  modem  maps.  Otherwise  they  have  ceased 
to  serve  any  purpose,  and  are  not  generally  found  on  iiia])» 
designed  for  astronomical  uses. 

Tlie  Arabians,  who  used  this  clumsy  way  of  designating 
stars,  gave  special  names  to  a  large  number  of  the  brighter 
ones.  Some  of  these  names  are  in  common  use  at  the 
present  time,  as  Ald^niran,  Pomai-haul,  etc.  A  few  othur 
names  of  bright  stars  have  come  down  from  prehistoric 
that  of  Arcturus  for  instance  :  they  are,  how- 
ever, gi-adually  falling  nut  of  use,  a  system  of  nomencU- 
ture  introduced  in  modern  times  having  been  substituted. 

In  1654,  Bayek,  of  Germany,  mapped  down  the  constel- 
JBtions  lii>oii  charts,  designating  the  brighter  stars  of  each 
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constellation  by  the  letters  of  the  Greek  alphabet.  When 
this  alphabet  was  exhausted,  he  introduced  the  letters  of 
the  Runiati  alphabet.  In  general,  the  brightest  star  was 
designated  by  the  first  letter  of  the  alphabet  a,  the  next 
by  the  following  letter  0,  etc.  Although  this  is  sometimes 
supposed  to  have  been  his  rule,  the  Greek  letter  affords 
only  an  imperfect  clue  to  the  average  magnitude  of  a  star. 
In  a  great  many  of  the  constellations  there  are  deviations 
from  the  order,  the  brightest  star  being  (J ;  but  where  stars 
differ  by  an  entire  magnitude  or  more,  the  fainter  oneB 
nearly  always  follow  the  brighter  ones  in  alphabetical  order. 

On  this  system,  a  star  is  designated  by  a  certain  Greek 
letter,  followed  by  the  genitive  of  the  Latin  name  of  the 
constellation  to  which  it  belongs.  For  example,  a  Cania 
Miijorit,  or,  in  English,  a  of  the  Great  Dog,  Is  the  desig- 
nation of  Sirius,  the  brightest  star  in  the  heavens.  The 
•even  stars  of  the  Great  .fi««ri»recjilled  «  Ursw  Majorii, 
P  UrstB  MiijorU,  ete.  ArcturM  is  «  BoiitU.  The 
reader  will  hero  see  a  resemblance  to  our  way  of  designat- 
ing individuals  by  a  Christian  name  followed  by  the  family 
name.  The  Greek  letters  furnish  the  Christian  names  of 
the  separate  stars,  while  tlie  name  of  the  cont^tellation  ia 
that  ot  tlie  family.  As  there  are  only  fifty  letters  in  the 
two  alphabets  used  by  Bayek,  it  will  be  seen  that  only  the 
fifty  brightest  stars  in  each  constellation  could  be  desig- 
nated hy  this  method.  In  most  of  the  constellations  the 
number  thus  chosen  is  mucli  less  than  fifty. 

When  by  the  aid  of  the  telescope  many  more  stars  than 
these  were  laid  down,  some  other  method  of  denoting 
them  became  necessary.  Flamstked,  who  observed  be- 
fore and  after  1700,  prepared  an  extensive  catalogue  of 
stare,  in  which  those  of  each  constellation  were  designated 
by  numbers  in  the  order  of  right  ascension.  These  num- 
bers were  entirely  independent  of  the  designations  of 
Bater — that  is,  he  did  not  omit  the  Baveb  stars  from 
his  system  of  numbers,  but  numbered  them  as  if  they  had 
DO  Oreek  letter.     Ilenco  those  stars  to  which  Batek  ap- 
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I  letters  bave  two  (l««igD»tion&,   liit:   leUei  and  ll 


niimbur 

FtAUSTEEn's  ntimbere  do  n 


>  roucfa  I 


I  abore  '. 
Any  one  conetelUtioD — 7'aurttg,  the  riuhest,  liaving  1 
When  wu  cunsiiler  the  more  Quiiierous  minute  giarE,  iid 
systciuatU-  methixl  of  naming  tliein  ts  {xMOiblt;.  The  sur 
can  be  designated  oniy  hy  it£  position  in  the  heavens,  or 
tlie  nnmber  which  it  bean  in  eome  weU-known  cabdogue. 

g  4.    DSSCRIFTIOIf  OF  THE  COSSTSUtA.TSOm 

The  aspect  of  the  starrv  heavens  i 
nearly  every   intelligent  ptreon  desires  to  ^ 
knowledge  of  the  names  and  fonns  of  the  principal  | 
etcllalions.     We  therefore  present  a  brief  deacriptid 
the  inwa  striking  ones,  illustrated  hy  figures,  so 
reader  may  be  able  to  recognise  tliem  when  he  bi 
on  a  clear  night. 

Wo  |jes;in  with  the  constellations  near  the  pnic,  I 
they  can  bjseen  oh  any  clear  night,  while  the  h 
ones  can,  for  the  most  pnrt,  only  be  seen  during  < 
seasons,  or  at  certain  honrsof  the  night.  The  Aocuraill 
ing  tignre  shows  all  the  stare  within  50°  of  the  pole  ( 
to  the  fourth  magnitude  inclusive.  The  liouian  rnim 
around  the  inurgin  show  the  meridians  of  right  aatvni 
one  for  every  hour.  In  opcIoi'  to  have  the  map  repre 
t  he  northern  constelUtious  exactly  as  they  are,  it  must  I 
lield  so  that  the  hour  of  sidereal  time  at  which  the  obserl 
is  looking  at  the  heavens  shall  be  at  the  top  of  the  ii 
Supposing  tlio  observer  to  look  at  nine  o'clock  in  thee' 
iiig,  the  months  arounil  the  iimr^in  of  the  map  show  t 
regions  near  the  zenith.  Ho  has  therefore  onlrto  liold  d 
map  with  the  month  upward  and  faee  the  north,  when! 

will  liave  the  northern  heavens  a3  they  appear,  i       

that  the  stara  near  thu  l)ottom  of  the  map  will  be  cnt  od~ 
by  the  horizon. 
1^     The  first  eonateilatiou  to'bu  looked  for  is  (Traa  3Iajor, 
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I  the  G^rtfo/ 5<?»w,  faiiiiiiarlj  known  as  "  the  Dipper."  The 
two  extreme  stars  in  this  conetullation  point  towai-d  the 
pole-star,  as  ah-eady  expliuned  in  t\us  opening  chapter. 

Vraa  Minor,  sometiiiife  called  "  the  Little  Dipper,"  is 
the  conBtellation  to  which  the  pole-star  belongs.     About 
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15°  from  the  pole,  in  right  aBceneion  XV.  hours,  is  a  star 
of  the  Bccond  magnitude,  (i  Oreae  Minorin,  about  as  bright 
88  the  pole-star.  A  curved  row  of  three  small  stars  liee 
between  these  two  bright  ones,  and  fonns  the  handle  of 
the  supposed  dipper, 
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CaMiofma,  or  '"  the  Lady  in  the  Chair,"  ie  near  honri 
of  right  BMi-neion,  oit  the  opposite  side  of  the  pole-EUr 
from  fjrsa  Major,  and  at  nearly  the  eame  diBtjmoe- 
The  six  brighter  Htnra  are  supposed  to  bear  a  mde  rtseia- 
blance  to  a  r-hair.  In  mythologi,-,  Cas»iopfia  was  the  queen 
of  Cephif'i4i,  ai«l  in  the  mythological  reppe<ientation  of  lie 
oonsifllation  she  is  seated  in  llie  chair  fnun  which  she  U 
itisning  her  edicts. 

In  hour  III  of  riglit  ascenoion  is  situated  the  constella- 
tion Pertmta,  about  10°  further  from  the  pole  than  C'lu- 
niopfia.  The  Milky  Way  paesee  through  these  two  con- 
Bttillattons. 

Draco,  the  Dragon,  is  formed  prindpally  of  a  long 
row  of  stare  lying  between  Una  Major  and  I'ma  Minor. 
The  head  of  the  monster  is  formed  of  the  norChernmosl 
three  of  four  bright  stars  arranged  at  the  comers  of  a 
lozenge  between  XVII  and  SVIII  hours  of  right  ascen- 
sion. 

Cephe\tg  IB  on  the  opposite  side  of  Ca^siofieia  from 
Pen^fH-g,  lying  in  the  Milky  Way,  about  XXII  honre  of 
right  aa^nsion.     It  is  not  a  brilliant  constellation. 

Other  constellations  near  the  pole  are  Camelopardali*. 
f.ijiije,  and  Lacerta  (the  Lizard),  but  thoy  contain  only 
small  stars. 

In  describing  the  southern  constellations,  we  shall  take 
four  sepai-ate  positions  of  the  starry  sphere  corresponding 
respectively  to  VI  hours,  XII  hours,  XVIII  hours, 
and  0  hours  of  sidereal  time  or  right  ascension.  Thesa 
hours  of  course  occur  every  day,  but  not  always  at  con- 
venient times,  becanse  they  vary  with  tlie  time  of  tha 
year,  as  explained  in  Chapter  I.,  Part  I, 

We  shall  first  suppose  the  observer  to  view  the  heavens 
at  VI  hours  of  sidereal  time,  which  occurs  on  Decem- 
ber aist  about  midnight,  January  Ist  about  11.30  p.m., 
Febniary  Ist  about  9.30  p.m.,  March  Ist  about  7.30 
p.M  ,  and  80  on  through  tlie  year,  two  hours  earlier  every 
iiiontli.     In  thT«  position   of  the  sphere,  th^?  Milky  Waj 
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epanB  the  benvens  like  an  arcli,  resting  on  tlie  horizon  be- 
tween north  and  north-west  on  one  side,  and  between 
Bouthand  south-east  on  the  other.  We  shall  first  describe 
the  constellatione  which  lie  in  its  course,  beginniiig  at  the 
north.  Cepheua  is  near  the  north-west  horizon,  and  abors 
it  is  CoBsiopeia,  distinctly  visible  at  an  altitude  nearly 
equal  to  that  of  the  pole.  Next  is  Perseus,  jnst  north- 
west of  the  zenith.  Above  Perseus  lies  Auriga,  the 
Charioteer,  which  may  be  recognized  by  a  bright  star  of 
the  first  magnitude  called  Capeila  (the  Goat),  now  quite 
near  Ihe  zenith.  Auriga  is  represented  as  holding  a 
goat  in  hie  arras,  in  the  body  of  which  the  star  is  situated. 
About  10"  east  of  Capella'a  the  star  0  Aurigas  of  the 
aeconil  magnitude. 

Going  further  south,  the  Milky  Way  next  passes  between 
Taurus  and  Gemini. 

Taurus,  the  Bull,  may  be  recognize:!  by  the  Pleiades, 
or  "  Seven  Stai-s."  Really  there  are  only  six  stars  in  the 
group  clearly  visible  to  ordi- 
nary eyes,  and  any  eye  strong 
enough  to  see  seven  will  prob- 
ably see  four  others,  or  eleven 
iu  all.  This  group  forms  an 
interesting  object  of  study 
with  a  small  telescope,  as  sixty 
or  eighty  stars  can  then  readily 
be  seen.  We  therefore  pre- 
sent a  teleecopic  view  of  it, 
the  six  large  stars  being  those 
risible  to  any  ordinary  eye, 
the  five  next  in  size  those 
which  can  be  seen  by 
markably  good  eye,  and  the 

others  those  which  require  a  telescope.  East  of  the  Pleia- 
dsa  is  the  bright  red  star  Aldeharan,  or  "  the  Eye  of 
the  Ball."  It  lies  in  a  group  called  the  Ifyadea,  tX' 
ranged  in  the  form  of  the  letter  V,  and  forming  the 
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a  Bull-     In  the  middle  of  one  of  the  lege  of  the  V 

'will  be  seen  a  beautiful  pair   of  stare  of  the  fourth  magni- 
tude very  eloee  together.     They  are  called  t>  Tauri. 

Gemi'iti^  the  Twins,  lie  east  of  the  Milky  Way,  a" J 
mav  be  recognized  by  the  bright  stars  Cwftor  and  Piilm, 
which   lie  20"  or  30°  eoath-east  or  south  of  the  zeatth. 


They  are  about  .'1°  apart,   and   PoUux,  the  southemmost 
one,  18  a  little  brighter  than  CaaUfr. 

Orion,  the  most  brilliant  constellation  in  the  heavenB, 

is  very  near  the  meridian,  lying  8outh-ea«t  of  Taunts  and 

south-west  of  Gemini.     It  may  be  readily  recoguijied  by 

__tha  figure  which  we  give.      Pour  of  it«  bright  fttan  form 
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eomere  of  a  rectangle  about  15°  long  from  north, 
0  Boutb,  and  5°  wide.  In  the  middle  of  it  is  a  row  of 
}iree  blight  stars  of  the  second  magnitude,  ■w}ii(ih  no  one 
1  fail  to  recognize.  Below  this  is  another  tow  of  three 
j^Diollcr  ones.  The  Diiddle  star  of  this  hst  row  is  called 
i  Orionis,  and  is  eituated  in  the  midet  of  the  great  nubula 
f  Orion,  one  of  the  most  remarkable  telescopic  objects  in 
he  heavens.  Indeed,  to  the  naked  e^o  this  star  has  a 
Biebuloiis  hazy  appearance.  The  two  stare  of  tlie  firat 
magnitude  are  a  Orionii,  or  Bef^/ffiiese,  which  is  the  bigb- 
B8t,  and  may  be  recognized  by  its  red  color,  and  lityel, 
(or  /S  Orionis,  a   sparkling  white  star  lower  down  and  a 

Ettle  to  the  west.  The  former  is  in  the  Bhoulder  of  the 
gure,  the  latter  in  the  foot.  A  little  north-west  of 
3etel^ic«e  are  three  small  stars,  whiuli  form  the  Iiesd. 
rahe  row  of  stars  on  the  west  form  his  arm  and  club,  the 
letter  being  raised  as  if  to  strike  ut  Tavrug.  the  Bull,  un 
iihe  west.  i 

I,  Canie  Minor,  the  Little  Dog,  lies  across  the  Milky 
[Way  from  Orion,  and  may  l>e  recognized  by  the  bright 
■tar  Procyon  of  the  first  magnitude.  The  three  stars 
^*iillvx,  Procyrm.,  and  Betvlgunw  form  a  right-angled  tri- 
wigle,  the  right  angle  being  at  Frocyon. 
'     Cania  Major,  the  Great  Dog,  lies  south-east  of  Orioti, 

Cd  is  easily  recognized  by  Siriita,  the  brightest  fixed  star 
the  heavens.  A  number  of  bright  stars  south  and 
jouth-east  of  Siritia  belong  to  this  constellation,  making 
dt  one  of  great  brilliancy. 

[    Argo  Navis,  the  ship  Argo,  lies  near  the  south  borlzc 
|wrtly  above  it  and  partly  below  it.     Its  brightest  star 
Uhnopiii,  which,  next  to  .Sirius,  is  the  bi-ighteat  star  in 
Bie  heavens.     Being  in  53°  of  south  declination,  it  never 
8  to  an  observer  within  53°  of  the  North  Pole — that  is, 
rth  of  37°  of  nortli  latitude.     In  our  country  it  is  visi- 
!  only   in  the  Southern  States,   and  even  there  only 
ietween  six  and  seven  honrs  of  sidereal  time. 
»  We  nest  trace  out  the  zodiacal  constellations,  which  are 


i 
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Jr'tntei'eBt  becaOBe  it  is  tbroogh  them  that  the  sun  fast* 
in  its  apparent  annual  coarse.  We  shall  commence  in 
the  vns«t  and  go  toward  the  east,  in  the  order  of  righi 
afecenFuoQ. 

ArtM,  the  Ram,  ie  in  the  west,  about  one  third  of  ik 
wrav  from  the  horizon  to  the  zenith.  It  may  be  recogniMd 
by  tliree  etars  of  the  second,  third,  and  fourth  ma^- 
todes,  respectively,  forming  an  obtose-angled  triangle. 
The  brightest  star  is  the  highest.  Next  toward  the  east 
ie  Taurus,  the  Ball,  which  brings  us  nearly  U>  the  men- 
dimi,  and  east  of  the  meridian  lies  Gemini,  the  Twins,  bolh 
of  which  oonsteliatioQs  have  just  been  described. 


Cancer,  the  Crab,  lies  east  of  Gemini,  but  contuns  no 
bright  star.  The  most  noteworthy  object  in  this  constel- 
lation is  Praeepe,  a  group  of  telescopic  stars,  which  ap- 
pears to  the  naked  eye  like  a  spot  of  milky  light.  To  see 
it  well,  the  niglit  mast  be  clear  and  the  moon  not  in  the 
neighborhood. 

Leo,  the  Lion,  is  from  one  to  two  honrs  above  the 
eastern  horizon.  Its  brightest  star  is  Regulus,  one  third 
of  the  wuy  from  the  eastern  horizon  to  the  zenith,  and 
between  the  first  and  second  magnitudes.  Five  or  six 
stars  north  of  it  in  a  curved   Une  are  in  the  form  of  ■ 


sickle,  of  whic-Ii  Regniuti  ie  the  handle.  Ae  the  Lion  was 
drawn  among  the  old  constellations,  Regulv^  foiiued  his 
heart,  and  was  therefore  called  Cor  Zeonig.  The  sickle 
forms  his  head,  and  his  bod^  and  tail  extend  toward  the 
horizon.  The  tail  ends  near  the  star  Dene&ofa,  which  i« 
quite  near  tlie  horizon. 

Leo  Minw  lies  to  the  north  of  Leo,  and  •'^fanx,  the 
Sextant,  south  of  it,  lint  neither  contains  any  bright  stars. 

Eridanua,  the  River  Po,  south-west  of  Otifm  ;  Lepus, 
the  Hare,  south  of  Orimi  and  west  of  Canis  Major; 
Colutnbii,  the  Dove,  south  of  Lepus,  are  constellations  in 
the  Bouth  and  south-west,  whicli,  however,  have  no  strik- 
ing features. 

The  constellations  we  liave  described  are  those  seen  at 
six  honra  of  sidereal  time.  If  the  eky  is  observed  at  some 
other  hoar  near  this,  we  may  find  the  sidereal  time  by  the 
rule  given  in  Chapter  I,,  §  5,  p.  30,  and  allow  for  the  di- 
urnal motion  during  the  inter\'al. 

Appearance  of  the  Coostellationa,  at  12  Houtb  Sidereal 
Time. — This  hour  occurs  on  April  Ist  at  11.30  p.m.,  on 
May  Ist  at  9.30  p.m.,  and  on  June  1st  at  7.30  p.m. 

At  this  hour,  Urm  Major  is  near  the  zenith,  and  Ca«sU 
t/pela  near  or  below  the  north  horizon.  The  Milky  Way 
is  too  near  the  horizon  to  be  visible.  Oriim  has  set  in 
the  west,  and  there  is  no  very  conspicuous  constellation 
in  the  south.  Ca^ior  and  Pollux  are  high  up  in  the 
north-weet,  and  Procyon  is  about  an  honr  and  a  half 
above  the  horizon,  a  little  to  the  south  of  west.  All  the 
constellations  in  the  west  and  north-west  have  been  previ. 
ously  described,  Leo  being  a  little  west  of  the  meridian. 
Threo  zodiacal  constellations  have,  liowever,  risen,  which 
we  shall  describe. 

Virgo,  the  Virgin,  has  a  single  bright  star,  Spiaa^ 
about  as  bright  sis  Regidua,  now  about  one  hour  east  of 
the  meridian,  and  but  little  more  than  half  way  from  the 
zenith  to  the  horizon. 

Libra,  the  Balance,  is  M)uth-<Mst  from  Yirgo,   but 
Hi  conspicuous  staif. 
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Seorpiua,  the  Scorpion,  is  just  rising  in  the  soatli-«afU 
but  li  not  yot  higli  enough  to  be  well  seen. 

Hydra  is  a  very  loug  comtellatloa  extending  from 
CanU  Minor  in  a  eontb-east  direction  to  the  eonib  hoii- 
2on.  ltd  brightest  star  ia  a  Hydra,  of  the  second  niagai> 
tude,  25°  below  li^gvlua, 

Corvus,  the  Crow,  is  soath  of  Yirffo,  and  may  be  recog- 
nized by  fonr  or  five  etare  of  the  Becond  or  third  magni- 
tude, 15*  eouth-west  from  Spica. 

Next,  looking  north  of  the  zodiacal  constellations,  ve 
see  : 

Coma  Bsrenicea,  the  Hair  of  Berenice,  now  exactly  on 
the  meridian,  and  about  10*  eoutb  of  the  zenith.  It  is  a 
close  irregular  cluBt«r  of  very  small  statu,  unlike  anything 
else  in  the  heavens.  In  ancient  mythology,  Berenice  had 
vowed  her  hair  to  Venus,  but  Jnpiter  carried  it  away  from 
the  temple  in  which  it  was  deposited,  and  made  it  into  t 
cx)nstcllation. 

£ovU'ti,  the  Bear-Keeper,  is  a  large  constellation  east  of 
C'vma  Jierenic^jf.  It  is  marked  hj  Arcturua,  a  bright  but 
somewhat  red  star  of  the  tirst  magnitude,  about  SO"  east 
of  the  zenith.  Hootev  is  repre- 
I  sented  as  holding  two  dogs  in  a 
I  leash.  These  dogs  are  called 
Canes  Venalici,  and  are  at  the 
I  time  supposed  exactly  in  our  ze- 
I  nitli  i-hasing  fJrsa  JUajor  ^roaai 
!ic'  pole, 
Cvrana  SorealU,  the  North- 
'  em  Crown,  lies  next  eaet  of 
*m  iiu.-co.wNA  BORE-  Bootes  in  the  north-east  It  is 
a  Bmail  but  extremely  beautiful 
constellation.  Its  principal  stars  are  arranged  in  the  f  onn 
of  a.  semicircular  chaplct  or  crown. 

Appearance  of  the  ConslellationB  at  18  Hours  of  Side- 
real  Time.— TiiiB  hour  occurs  on  July  Isl  at  11.30  p.m., 
on  August    1st  at  fl.30  p.m..  and  on  September  Ut  at  T.30 
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n  this  position,  the  Milky  Way  eeenis  once  more  to 
span  tlie  heavens  like  an  arch,  restiTig  on  the  horizon  in 
the  north-west  and  eouth-east.  But  we  do  not  eee  the 
same  parts  of  it  which  were  visible  in  the  first  position  at 
BIX  hoars  of  right  ascension.  Cdnsiopela  is  now  in  the 
north-east  and  U^rsa  Major  has  passed  over  to  the 
west. 

Arctiiru€  is  two  or  three  hours  above  the  western  hori- 
zon. We  shall  commence,  as  in  the  first  position  of  the 
Bphere,  by  describing  the  constellations  which  lie  along  on 
the  Milky  Way,  starting  from  Cassiopeia.  Above  Coast- 
opeia  we  have  CepheuSy  and  then  Lacerta,  neither  of 
which  contains  any  striking  stars. 

Cy^ius,  the  Swan,  may  be  recognized  by  fonr  or  five 
(tars  forming  a  cross  directly  in  the  centre  of  the  Milky 
Way,  and  a  short  distance  north-east  from  the  zenith. 
The  brightest  of  these  stars,  a  Otjgni,  forms  the  northern 
end  of  the  cross,  and  is  nearly  of  the  firet  magnitude. 

Zyra,  the  Harp,  is  a  beautiful  constellation  south-west 
uf  Cygnus,  and  nearly  i:i  the  zenith.  It  contains  the 
brilliant  star  Veija,  or  a 
Lyra,  of  the  first  mag- 
nitude, and  of  a  bluish 
white  color.  South  of 
Vfga  are  four  stars  of 
the  fourth  magnitude. 
forming  an  oblique  par- 
allelogram, by  which  tlie 
constellation  can  be  read- 
ily recognized.  East  of 
.Vega,  and  about  as  far 
from  it  as  the  nearer 
star  of  the  parallelogrui 

object,  because  it  is  really  composed  of  two  stars  of  the 
fourth  magnitude,  which  can  be  seen  separately  by  a  very 
keen  eye.  The  power  to  see  this  star  double  is  one  of  the 
best  tests  of  the  ncuteness  of  one's  vision  (see  Fig.  12S).   ' 
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\  €  Lyra,  a  very  interesting 


^.ii 


ASTHOSOMr. 


tin.  US,— Aqcn.*.  D 


Aytiiia,  tlif  Eagle,  is  the  next  striking  eonetellation  in 
iLe  Milkj'  Wu^'.     It  i«  two  liours  east  uf  tlie  meridian, 
&nJ  about  midway  between  ilie 
I  zenith  and  horizon.     It  is  rtadilj 
w<:^i2ed    by   the    hrigLt   ear 
I  AlUtir  or  a  Aquila,  situjited  be- 
I  Iween  two  smaller  ones,  the  one 
I  of  the  third  and  the  other  of  the 
J  fourth  magnitude.      The  row  of 
three  stars  lies  in  tlie  centre  of 
I  tl.u  Milkj  Way. 

SmjUfo,   the  Arrow,  is  a  verr 

.-irmll    eoustcllatiun,     formed   of 

I  tliree  stare  iumiediatelv  north  of 

Dif/fihiiiUB,  the  Dolpliin,  is  i 
striking  little  constellation  north-cttst  of  Aqutla,  recog- 
nized by  four  stars  in  the  fnnn  of  u  lozenge.  It  is  fanii)- 
iarly  called  '*  Job's  Coffin." 

In  this  position  of  the  celestial  sphere  three  new  zodiii. 
cal  constellationB  have  arisen,    

S-'orplua,    the    Scorpion,   I 
already  mentioned,  now  two  I 
hours  west  of  the  meridian, 
and   about    30°    above    the 
horizon,  is  qnite  a   briliiant 
eonstellatioo.  It  contains  ^n-  | 
/ar?*,  or  «  Sivrpii,  a  red- 
dish star  of   nearly  the  first 
ma^iitude,  and  a  long  row 
of  curved  stars  west  of  it. 

Sagittttriufi,    the    Archer, 
comprises  a  Inrge  colleetion 
of  second  magnitude  stars  in   ''"'■ 
and   near   tlie    Milky   Way. 


form  the  arrow  of  tiie  archer. 


Land  now 
form  the 


very  n 


r  the  meridia 


westernmost  stars 
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Ccbpriccmue,  the  Goat,  is  now  in  the  EOuth-east,  l)U 
cODtaiDS  no  bright  stars.  Aquarius,  the  Water-bearer, 
which  has  just  risen,  and  Pisces,  the  Fishes,  which  have 
partly  risen,  contain  no  striking  objects. 

O^hiii'hits,  the  Herpent-beitrer,  is  a  very  large  consteL 
lation  north  of  Scorpitia  and  west  of  the  Milky  Way. 
Ophitichtis  holds  in  his  hands  an  inimense  serpent,  lying 
with  its  tail  in  an  opening  of  the  Milky  Way,  soutli-weat 
of  Aquila,  while  its  head  and  body  are  formed  of  a  coh 
lection  of  stars  of  the  tlnrd  and  fourth  magnitudes,  ex- 
tending nortJi  of  ^■o7;ptu«  nearly  to  Bootes. 

Jierculcn  is  a  \STy 
large  constellation 
between  Corona 
Sor^alis  and  Lyra. 
It  is  now  in  the 
zenith,  but  contains 
no  bright  stars.  It 
has,  however,  a 
nutnttor  of  interest- 
ing telescopic  ob- 
jects, among  them 
the  great  cluster  of 
ffareules,  barely 
visible  to  the  nttked 
eye,  but  containing 
111  almost  countless  moss  of  Htars.  The  head  of  Draco, 
already  described,  is  juBt  north  of  Ilci-culfg. 

Constellations  Visible  at  O  Hours  of  Sidereal  Time.  — 
This  time  will  occur  on   October  let  at  11.30  p.m.,  o 
November  1st  at  9.30  P.u.,  on  December  1st  at  7.30  p.m. 
U)d  on  January  let  at  5.30  p.m. 

la  this  position,  the  Milky  Way  appears  resting  in  tha 
east  and  west  horizons,  but  in  the  zenith  it  is  inclined 
over  toward  the  north.  All  the  couBtellations,  either  in 
or  north  of  its  course,  are  among  those  already  dcficribo<I. 
We  shall  therefore  consider  only  those  in  the  south, 
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Ptgatiut,  the  Hying  Horse,  is  distingnislied  l>y  four 
bUtb  of  Uie  gecoiid  iimgnitude.  wlucli  form  a  large  s^iiaie 
xbont  15°  on  eacIiBide,  called  thesquareof  Pr^tutt'.  The 
eastern  Bide  of  this  square  is  abnoet  exactly  on  the  meii- 
dian. 

AruiromMa  JB  distinguiehed  by  a  row  of  three  or  four 
I<right  stars,  e:(teuding  from  the  nonh-east  corner  of 
y'fyasMJt,  in  the  direction  of  Persnus. 

Criwi,  the  Whale,  is  a  large  constellation  in  the  sontb 
and  BOUth-eafit.  Ite  brightest  star  is  (i  Cett,  standing 
alone,  30°  above  tlie  horizon,  and  a  little  east  of  the 
meridian. 

Piacit  Auairaliti,  the  Southern  Fish,  lie*  further  west 
tlian  ('et^i«.  It  has  the  bright  Htar  J'omaJAavt,  aboal 
15"  above  the  hurixon,  and  an  hour  M'est  of  the  meridian. 


fi  B.    jnTMBEHIWO  AND  CATALOGUING  THE  STABS. 

As  telescopic  power  is  incj^ased,  wc  still  timl  stars  of 
fainter  and  f^nter  light.  But  the  number  catimit  gu  uti 
increasing  forever  in  tlie  same  ratio  as  with  the  brighter 
niuguitudes,  because,  if  it  did,  the  whole  aky  would  be  a 
blaze  of  starlight. 

If  telescopes  with  powers  far  exceeding  our  preeent  ones 
were  made,  they  would  no  doubt  show  new  stars  of  the 
ifUth  and  2l8t  magnitudes.  But  it  is  highly  probable  that 
the  numher  of  such  successive  orders  of  stare  would  not 
increase  in  the  same  ratio  as  is  observed  in  the  Sth,  9th, 
and  lOth  magnitudeB,  for  example.  The  enormouB  labor 
of  estimating  the  number  of  stars  of  such  claesee  will  long 
prevent  the  accumulation  of  etatistics  on  this  question ; 
but  this  much  is  certain,  that  in  special  regions  of  the  skv, 
which  have  l>een  searchingly  examined  by  various  tele- 
scopes of  succcBsively  increasing  apertures,  the  number  of 
new  stars  found  is  by  no  means  in  proportion  to  the 
increased  instrumental  power.  Thus,  in  tiie  central  por- 
eof  the  nebula  of  Ori^n,  only  some  half  dozen  slais 
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have  been  found  witL  the  "Wafiliington  20-iiicL  refractor 
which  were  not  seen  with  the  Cambridge  15-iiich, 
although  the  visible  magnitude  has  been  extended  from 
■  1  to  16"' 'S,  If  tliis  is  found  to  be  true  elsewhere,  the 
conclusion  may  be  that,  after  all,  the  stellar  Bjetera  can  be 
experimentally  shown  to  be  of  finite  extent,  and  to  contain 
only  a  finite  number  of  stars,  , 

We  have  already  stated  that  in  the  whole  sky  an  eye  of  arera^ 
power  will  Bee  about  6000  stars.  With  n  telescope  this  number  IS 
greatly  IncreaM^d.  and  the  most  powerful  telescopes  of  modem  times 
will  probably  nhow  more  than  20,000,000  stars.  As  no  trustworthy 
Mtimate  has  ever  been  made,  there  is  great  uncertainty  upon  this 
poist,  and  IhH  actual  number  may  ntnge  anywhere  between 
1S,000,000  and  40,000,000.  Of  this  number,  not  one  out  of  twenty 
*  M  ever  been  catalogued  at  all. 

The  gradual  inereane  iii  the  number  of  Htars  laid  down  in  various 
of  th«  oilier  catalogues  is  exhibited  in  the  following  table  from 
Chahbkbs's  DeiKtripdM  A$troHomy ; 


AHoa 

Um  Major. . 
Bootes... 

Leo 

JifS"- 


Himllu 

FUimMhI. 

^D.itm. 

le 

ai 

37 

06 

85 

56 

73 

87 

23 

3ti 

M 

54 

33 

40 

50 

D5 

110 

M 

43 

51 

HI 

SH 

63 

" 

7a 

The  most  famous  and  ejtensive  series  of  Btiir  obse nations  itro 
Doticed  below. 

Theumnometriesof  Bater,  Plambtbkd.  Aroblakdrr,  Hrib,  and 
6o0LD  give  the  lucid  stars  of  one  or  both  hemispheres  laid  down 
BR  maps.  They  are  supplemented  by  the  star  catnlocues  of  other 
obserrers,  of  which  a  great  number  has  been  published.  These 
were  undertaken  mainly  for  the  delermination  of  .star  positions,  but 
they  usually  give  as  an  auxiliary  datum  the  magnitude  of  the  star 
obeerred.  When  they  are  carried  so  tar  as  lo  cover  the  heavens, 
they  will  afford  valuable  data  as  to  the  distribution  of  stan 
thronghout  the  sky. 

The  most  complete  catalogue  of  starsi  yet  construftcd 
DumlimvitliTiinii  ae*  yUrdlKlien  Getlimtm   ffimmdi,  the  joint  work 
of  Arqelanurr  and  his  assistants,   Kruoer  and  SchQnfeld,      It 
MnbrmcM  all  the  stars  of  the  first  nine  magnitudes  from  the  North 
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Pole  lo  a"  of  M)Utll  dcrliiintion.  Tliin  work  wab  l>e)run  in  ISSS,  «hI 
>t  lU  completion  n  CKUli^ue  of  llie  npprDSimmte  placM  of  no  kM 
tlt»D  8]<,I>a4  »ur8,  with  H  wiries  of  ftUr-inHps.  giving  tbe  Mjicct  ot 
ths  northoni  licavt'n*  lur  16JiS,  was  publiabed  for  tlir  use  of  uitniM- 
men.  AlUiKI.AMDKu'HurigiDal  plun  was  to  carry  this  I>HreAtuvtttn*t 
U  f ar  na  Sd'  snuth,  mi  tbiit  every  star  visible  in  a  nmatl  ci)iiiut-«MkeT 
of  2)  incbcii  apcrturu  «ho)t1d  be  regiatered.  flis  orif^Dal  plun  "U 
alMudoned,  btit  hia  former  ossintBiit  and  present  Bucccs»>r  at  t)i« 
obwrvBtiiry  of  Bonn,  Ut.  Schosfeijj,  is  now  engaged  in  ciecutiiig 
this  imginrtunt  work. 

The  Cat*lo{(Uc  of  Stars  of  the  British  Assorialion  fo*  Ihe  jW- 
vflncemcnt  of  Science  contains  8»7T  utars  io  biHh  hcmisphrrpt,  and 
eivca  all  the  Btant  vimblo  tn  Ihu  eye.  U  i*  well  adapted  lo 
r*?ara  the  iinuqiial  distribution  uf  tlic  lucid  stars  over  tlio  CkiltMial 
■phere.     The  tabic  on  the  uppoejt«  page  is  formed  front  iu  dMa. 

From  this  titblu  it  fuUuws  that  tiic  soutliem  Eky  Ixu  luanj  man 
Stan  of  tlio  Hrst  ituvun  magiilltideH  ihxa  the  Dorrltem,  iiod  thai  lli? 
eooiM  immcdiati^lj  north  and  south  of  the  EqiMlor,  alibough  gtratcr 
in  BiirfacQ  than  an;  others  of  the  same  width  in  decUmUion,  an 
•bsoiuielf  poorer  in  8udi  stare. 

The  meaning  of  the  table  will  be  much  better  understood  bj  con- 
auUine  tlie  graphical  represcntntion  of  it  on  )iiig«  43S.  b;  Froctoi. 
On  this  chart  are  Inid  down  all  the  KtaM  nf  tlin  British  A-osuciation 
Catalogue  (a  dot  for  each  star),  and  Ix'side  tltesc  tbe  Milkv  Way  i« 
represented.  The  relative  richneia  of  the  various  xonee  can  be  it 
once  seen,  and  perhaps  the  sc-ale  of  the  map  will  allow  tlie  student 
to  trace  also  the  zone  of  brighter  stnnt  ( lst~Sd  nutgnitudc  i.  which  is 
inclined  to  that  of  the  Milky  Wny  by  a  fu'W  degrees,  nn>)  is  appros- 
imntely  a  great  circle  of  the-  xpherc. 

The  distrilmiion  and  number  of  the  brighter  st«ra  (Ist-Tth  mag- 
nitude) ean  be  well  understood)  from  this  ehan. 

In  Akuei.andeu's  IhirchmunftT'iiifi  of  the  Htars  of  the  northtra 
heavens,  there   are  recorded   as   l>clon|png  to  the  northern   bemi- 

10  Btam  lieiwcen  tlie  1-0  taajrnituilo  and  the  1 .9  iiiagiiitwiK 


310 
I.OIS 
4.32^ 
13.S0S 
5T,9aO 
397.544 


In  all  1II4.S3G  stnrs  from  the  first  to  the  05  magnitudes  nr 
merated  in  Ihc  norlhern  sky,  so  that  there  are  about  GDO.IHH) 
whole  h<:avtDB. 

We  may  readily  compute  the   amount  of  light  received  I'J 
-""-  ~ia  u  deal  but  moonless  night  fi  om  these  stars.    Let  lu  aw 
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that  the  brightneas  of  an  average  star  of  the  first  magnitude  is 
about  0*5  of  that  of  a  Lyra,  A  star  of  the  2d  magnitude  will  shine 
with  a  light  expressed  by  0*5  x  0'4=s0-20,  and  so  on. 

The  total  brightnees  of       10  Ist  magnltade  stan*  is    5-0 


f« 

*< 

l7  2d 

«* 

*• 

7.^ 

M 

M 

122  8d 
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101 

•  4 

tt 
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«« 

0-9 

M 

•  • 

1,016  5th 
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M 

180 

M 

M 

4.822  6tli 

tt 

tt 

22  1 

•• 

M 

13.593  7th 

it 

•  « 

27-8 

«• 

•* 

57,960  8th 

*• 

«« 

Sum  = 

47-4 

1427 

It  thus  appears  that  from  the  stars  to  the  8th  magnitude,  inclu- 
sive, *^e  receive  148  times  a^  much  light  as  from  a  Lyrce.  a  Lyrm 
has  been  determined  by  Z5llneb  to  be  about  44,000,000,000  times 
fainter  than  the  sun,  so  that  the  proportion  of  starlight  to  sunlight 
can  be  computed.  It  also  appears  that  the  stars  of  magnitudes  too 
high  to  allow  them  to  be  individually  visible  to  the  naked  eye  are 
yet  so  numerous  as  to  affect  the  general  brightness  of  the  sky  more 
than  the  so-called  lucid  stars  (lst-6th  magnitude). 


CHAPTER    II. 

VARIABLE   AND  TEMPORAHY   STARS. 
$  1.  8TAB8  REaTTLABLY  VABIABLE. 

All  starn  do  not  shine  with  a  constant  light.  Sino^ 
the  middle  of  the  seventeenth  ceuturj',  etais  variable  in 
brilliancv  have  been  known,  and  there  are  aleo  stare  which 
periodicAlly  change  in  color.  The  period  of  a  variable  etar 
means  the  interval  of  tiuie  in  which  it  goes  through  all  its 
changes,  and  returns  to  tlie  same  brilliancy. 

The  most  noted  variable  stars  are  Mtra  Cfti  (o  Cfti) 
and  Algol  {fi  Per»ei).  Mira  appears  about  twelve  times 
in  eleven  years,  and  remains  at  its  greatest  brightness 
fsometimes  as  high  as  the  2d  magnitude,  sotnetimo«  not 
above  the  4th)  for  some  time,  then  gradually  decreases  for 
abont  74  days,  until  it  become*  invisible  to  the  naked  eye. 
and  so  remains  for  abont  five  or  six  niontliB.  From  the 
time  of  its  reappearance  as  a  lucid  star  till  the  time  of  its 
maximnni  is  about  43  days  (Heis).  The  nuan  p>eriod,  or 
the  interval  from  minimum  to  minimum,  is  about  333 
days  (Aroklandkr),  but  this  period,  as  does  the  maxi- 
mum light,  varifcs  greatly. 

Algol  has  been  known  as  a  variable  star  since  1667,  Its 
period  is  about  2''  20''  49™,  and  is  supposed  to  be  from 
time  to  time  subject  to  slight  fluctuations.  This  etar  ia 
commonly  of  the  2d  magnitude ;  after  remaining  so 
I  About  2i  days,  it  falls  to  4°'  in   the  short  time  of  44  hours, 

i  remains  of  4"' for  20  minutes.     It  then  commences 
in   brilliancy,   and  in  another  3i  hours  it  is 
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again  of  the  2d  magnitude,  at  which  point  it  remains  for  J 
the  remainder  of  its  period,  about  2*  12''. 

These  two  examples  of  the  ctaae  of  variable  stars  give  a  \ 
rongli  idea  of  the  extraordinary  natare  of  the  pbenomeua  I 
they  preseot.  A  closer  exaiiiiiiation  of  otlicra  discloxes  I 
minor  variatious  of  great  complexity  and  apparently  ^\  illi-  ] 
oat  law. 

The  following  are  some  of  tlie 
able  6tai-s  vi»ible  to  the  naked  eye : 


!  more  prominent  van-  I 


n™ 

U- 

D*cli«.ion, 
1870. 

P.Tiijd. 

SSSM 

pVenei 

f&u::: 

•  Oetl 

•  Hjd* 

f  AT" 

2  r>U    4:i 
S3    U4    21 
10    4.^    51 
18    45    17 
17     8    '3 

3  IS    47 
IH    S3    87 
10    40     B 

+  40    27-B 
+  117    450 
+    0    40-4 
+  33     13-7 
+  14    834 
-    a    841 
-83    86-4 
-69      0-1 

U. 

2-8fl 

B-3rt 

7-17 

12 -91 

88-5 

»30  0 

430-0 

70ia.rH. 

C        4* 
37       4-8 
3-B       4-7 

SI       3:» 

a       JO 

4          10 

1        a 

About  tK)  variable  Btant  are  well  known,  and  as  many  I 

.    more  are  suspeeted  to  vary.     In  nearly  all  cases  the  mi 

period  Kan  be  fairly  well  determined,  though  anomalies  of  J 

various  kindb  fre<{Uently  appear.     The  principal  anomalies  I 

are  : 

First.  The  period  is  seldom  constant.  For  some  stars  1 
the  changee  of  the  period  seem  to  follow  a  regular  law  ;  J 
for  others  no  taw  can  be  fixed. 

Second.  The  time  from  a  minimnm  to  the  next  maxi- 
mum is  usually  shorter  than  front  this  maximum  to  the  | 
next  minimum. 

Third.  Some  stars  (as  /5  Zj^rte)  liare  not  only  one  taax-' 
imam  between  two  conseentive  principal  minima,  but  | 
two  BHch  maxima.  For /? /,y/-(E,  according  to  Ahoelah- 
DEB,  3''  2''  after  the  principal  minimum  cumes  the  first 
maximum  ;  then,  3''  7''  after  this,  a  secondary  minimnm  in 
wliicb  the  star  Ib  by  no  meaus  bo  faint  as  in  the  principii] 
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mitiimnin,  and  finallT  3'  3''  afterward  comes  tlie  principal 
maximum,  the  wliole  period  being  12''  21''  47'".  Tbe 
course  of  one  period  is  illu«trated  below,  giipposing  the 
period  to  begin  at  0'  0*.  and  opposite  each  ph&se  is  given 
the  intensity  of  light  in  terms  of  y  Lynx  =  1,  according 
to  photometric  nienanreB  by  Klein. 


Ph^. 

PrindiMl  ilioianun 

»*    13' 

1*"     *2- 

089 
0-40 

The  periods  of  94  well-detennined  variable  stars  being 
tabulated,  it  appears  that  they  are  as  follows  : 


No.  of  sun. 

Naotstvi. 

Id.  Md      ffid. 

18 

850  d.  Md  400  d- 

IS     1 

30          ao 

400               450 

60             100 

4 

4.%               500 

>   1 

100               190 

4 

«1 

150              200 

S 

550              600 

o| 

aOO               350 

s 

eOO               650 

250              800 

14 

eSO              TOO 

300               350 

16 

TOO               T50 

4 

It  is  natural  that  there  should  be  few  known  variabhl 
of  periods  of  500  days  and  over,  but  it  is  not  a  little  re- 
luarkable  that  tho  periods  of  over  half  of  these  variubles 
should  fall  between  250  and  460  days. 

The  color  of  over  80  per  cent  of  the  variable  stars  is  red 
or  orange.  Red  stars  (of  which  600  to  700  are  known) 
are  now  receiving  cJoee  attention,  as  there  is  a  strong  Uke- 
lihood  of  finding  among  them  many  new  variables. 

The  spectra  of  variable  stars  show  changes  which  a^)- 
pear  to  be  connected  with  the  variations  in  their  light,      _ 


Another  class  of 
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occurs  ainoug  tlie  fixed  stars— namelj, 
ith  or  without  correspandiiig  changes 
of  magnitude. 

Id  the  Uranometry,  composed  in  the  middle  of  the  tenth  century 
by  the  Persian  aatronomer  Ai,  S&fi,  it  is  stated  that  at  the  time  of 
his  observationa  the  star  Algol  was  reddish — n  term  which  he  ap- 
plies also  to  the  stars  Antarai,  Alddxtraii,  and  some  others.  Host 
of  these  still  exhibit  a  reddish  aspect.  But  Al^l  now  appears  as  a 
white  star,  without  any  fign  of  color.  Dr.  Et.EIN,  Of  Cologne, 
discovered  that  a  JJrm;  Major'u  periodically  changes  color  from  an 
intense  fiery  red  to  a  yellow  or  yellowish-red  every  five  weetcs.  J 
WeaRR,  of  Peckeluh,  has  observed  this  star  lately,  and  Snds  thil  1 
period  to  be  well  established. 

^  2.    TEMPORABT  OR    NEW   STABS. 

Tlicre  are  a  few  cases  known  of  apparently  new  stars 
vliicli  liave  auddenly  appeared,  attained  more  or  lees 
brig)itnes8,  and  slowly  decreased  in  magnitude,  eitlier  dis- 
appearing totally,  or  fiiiall)'  remaining  as  comparatively 
faint  objects. 

The  most  famons  one  waa  that  of  1572,  which  attained 
a  brightness  greater  than  that  of  Siriug  or  Jupiter  and 
approached  to  Venug^  being  even  visible  to  the  eye  in 
daylight.  Tycho  Beahe  first  observed  this  star  in  No- 
vember, 1572,  and  watched  its  gradual  increase  in  light 
until  its  ma.\inmm  in  December.  It  then  began  to  diminish 
in  brightness,  and  in  January,  1573,  it  was  fainter  than 
Jupiter.  In  February  and  March  it  was  of  the  Ut  mag- 
nitude, in  April  and  Hay  of  the  3d,  in  July  and  August  <rf 
the  3d,  aud  in  October  and  November  of  the  4th.  It  con- 
tinned  to  diminish  until  March,  1574,  when  it  became  in- 
visible, as  the  telescope  was  not  then  in  use.  Its  color, 
at  first  intense  white,  decreased  through  yellow  and  red. 
When  it  arrived  at  the  5th  magnitude  its  color  again 
became  wJiite,  and  so  remained  till  its  disappearance. 
Tycho  measured  its  distance  carefully  from  nine  stars  near 
it,  and  near  its  place  there  is  now  a  star  of  the  lOtb 
or  nth  magnitude,  which  is  possibly  the  same  star. 

The  history  of  temporary  stars  is  in   general  similar 
that  of  the  star  of  1572,  except  that  none  have  attained 
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great  a  degree  of  brilliancy.  More  tlian  a  score  of  snch 
objects  are  known  to  liavo  appeared,  Tcaa^  of  lliera  before 
Uiu  making  of  accurate  obeerv'ationfi,  and  the  conclusion  a 
probable  tlint  nian^v  liave  appeared  without  recognition. 
Among  tfileecopic  stars,  there  is  but  a  small  chance  of  de- 
tecting a  new  or  tcmpomrT  star. 

Sevcrul  siippoaod  caws  of  the  dieappcarance  of  stare  ex- 
ist, but  lier*  tliero  are  so  many  possible  sources  of  error 
that  gruat  caution  is  neccesary  in  admitting  tliem. 

Two  temporary  stars  have  appeared  since  the  invention 
of  the  8pecir(«coi>e  (1859),  and  the  conclusions  drawn 
from  a  study  oi  tlielrepectraareinost  important  as  throw- 
ing light  npon  the  phenomena  of  variable  stars  in  general. 

Tile  first  of  tboso  stars  is  that  of  l.S6t>,  culled  T  Corona. 
It  was  liret  seen  on  the  13th  of  May,  ISRS.  and  was  then 
of  the  2d  inagnitnde.  Its  changes  were  followed  by  vari- 
ooa  ohseiTcrs,  and  its  mignitu  1j  found  to  dimin! 
follows  : 


Mar  13.  ■ 


17.. 


liniflti^^^l 


M^y  n S-S 


By  June  7th  it  had  fallen  to  9°-0,  and  July  7th  it  was 
(("■-S.  Scumidt's  observations  of  this  star  yT  CoroTue), 
oontinued  up  to  1877,  show  that,  after  falling  fn>m  the 
second  to  the  seventh  magnitude  in  nine  days,  its  light 
diniinished  very  gradually  year  after  year  down  to  nearly 
the  tenth  inHgnitnde,  at  which  it  has  remained  pretty  eou- 
etant  fur  some  years.  But  during  the  whole  period  there 
have  been  fluctuations  of  brightness  at  tolerably  regular 
intervals  of  ninety-four  days,  though  of  successively  de- 
creasing extent.  Aiter  the  first  sudden  fall,  there  seems 
to  have  been  an  increase  of  brilliancy,  which  brought  tlie 
star  above  the  seventh  magnitude  Rgain,  in  October. 
ls66,  an  increaao  of  a  full  magnitude  ;  but  since  that  tiia« 
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the  changes  have  been  niu«h  smaller,  and  are  now  but 
little  more  than  a  tenth  of  a  magnitude.  The  color  ot  the 
star  has  been  pale  yellow  throughout  the  whole  course 
of  observations. 

The  Bpectroacopic  observatioiis  of  this  star  b;  Hdooikb  and 
UlLLEB  showed  it  to  have  a  spectrum  then  absolutely  unique.  Tha 
report  of  their  observations  says.  "  tlie  spectrum  of  this  object  i* 
twofold,  showing  that  the  light  by  wliich  it  shines  has  emanated 
from  two  distinct  sources.  The  principal  spectrum  is  analoRt>us 
to  that  of  tlie  sun,  and  is  formed  of  light  which  was  emitted  by 
iD  incandescent  solid  or  liquid  photosphere,  and  which  has  suffered 
a  partial  absorption  b;  passing  through  au  Btmosphere  of  vapors  at 
ft  lower  temperature  than  the  photosphere.  8u|ieriioM.d  over  this 
spectrum  'h  s  second  spectrum  consisting  of  a  few  bright  lines 
which  is  due  to  light  which  hss  emanated  from  intensely  heated 
inattet  in  the  state  of  gas." 

In  November,  1870,  Dr.  Scemidt  discovered  a  new  star  in  Cyg- 
sat,  whose  telescopic  history  is  similar  to  that  given  for  T  Connut. 
When  discovered  it  was  of  the  3d  magnitude,  and  it  fell  rapidly 
below  visibility  to  the  naked  eye. 

This  new  star  in  Cygaut  was  observed  liy  Oornu,  Cofelamd,  and 
VooEi^  by  means  of  the  spectroscope  ;  and  from  all  the  observa- 
tions it  is  plain  that  the  hydrogen  lines,  at  6rst  prominent,  have 
gradually  faded.  With  the  decrease  in  their  brilliancy,  a  line 
corresponi]ing  in  position  with  the  brightest  of  the  lines  of  a  nebu- 
la has  strengthened.  (Jn  December  8th,  1876,  this  last  line  was  much 
fainter  than  F  (hydrogen  line  in  the  solar  sjpectrum),  while  on 
March  2d,  1877.  F  was  very  much  the  fainter  of  the  two. 

At  first  it  exiiibited  a  continuous  spectrum  with  numerous  bright 
lines,  but  in  the  latter  part  of  1877  It  emitted  only  monochromatic 
light,  the  spectrum  consisting  of  a  single  bright  line,  correspond- 
ing in  position  to  the  characteristic  line  of  gaseous  nebula.  The 
intermediate  stages  were  characterueed  by  a  gradual  fadinfi;  out, 
not  only  of  the  continuous  spectrum,  but  also  of  the  bright  linee 
which  crossed  il.  From  this  fact,  it  is  inferred  that  this  star,  which 
has  now  fslten  to  105  mngnitiidc,  bus  itctually  become  a  planetary 
nebula,  affording  an  instance  of  a  remarkable  reversal  of  the  pro- 
cess imagined  by  La  Placb  in  his  nebular  theory. 


g  8.    THBOHIES  OF  VAKIABLB  STABS. 

The  theory  ot  variable  stars  now  generally  accepted  by  investi- 
gators is  founded  on  the  following  general  conclusions  : 

(1)  That  the  only  distinction  which  can  be  mode  between  the 
various  classes  of  stars  we  have  just  described  is  one  of  degree. 
Between  stars  as  regular  as  .4'^,  which  goes  through  its  period  in 
less  than  tliree  days,  and  the  sudden  blazing  out  of  the  star  d^ 
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wrribed  bj  Train  BhaBE,  tliere  la  every  grsdatioii  of  irrepiUritT. 
The  nnl;  diatincUoD  Ihat  cm  be  drawo  between  tbem  is  in  the 
length  of  the  period  aai)  the  extent  aud  regularitr  of  the  chai^ 
All  vxeh  nUin  muitt,  thcRforc,  for  the  jircsent,  be  included  m  llw 
ainglc  cXaaa  of  varUblcs. 

it  was  at  one  lime  supposed  that  newly  created  star*  appwrf 
from  lime  to  time,  and  tlut  old  ones  sometimes  disapptajed  from 
view.  But  it  is  bow  considered  that  there  is  no  well-esiabli^rd 
caae  cither  of  the  dltappeamnce  of  an  old  star  or  the  creation  of  i 
new  one.  The  3U|iiH>sed  coses  of  disappearance  sroar  from  fiU- 
logucra  accidentally  recording  stani  in  positions  where  none  eiifUd. 
Subsequent  istroaomers  Hndjng  no  stars  in  the  place  conclude 
that  the  star  hud  vanished  when  in  reality  it  haa  never  ei.ifl«<L 
The  view  that  tem|>orary  stare  are  new  creations  is  disproved  (it 
the  raiiidity  with  which  they  always  fade  away  again. 

(3)  That  all  Btars  may  be  to  a  greater  or  lesa  extent  variable: 
only  in  a  vast  majority  of  caees  the  variations  are  so  slight  as  to  be 
imperceptible  tu  the  eye.  If  our  sun  could  be  viewed  frt>m  the  di»- 
taoce  of  a  star,  or  if  we  could  actually  measure  the  amount  of  light 
which  it  transmits  to  our  eyes,  there  is  little  doubt  that  we  should 
find  it  to  vary  with  the  presence  or  absence  of  apots  on  its  turface. 
We  are  therefore  led  to  the  result  that  variability  of  light  may  b«* 
commoo  characteristic  of  dtars,  and  it  so  we  arc  to  look  (or  lu 
cause  in  something  common  to  all  such  objects. 

The  spots  on  the  suo  may  give  us  a  hint  of  the  probable  caiueof 
the  variations  in  the  light  of  the  stars.  The  general  analo^es  of  thi' 
universe,  and  the  observations  with  the  spectroscope,  all  lead  us  to 
the  coDclusioa  that  the  physical  constitution  of  the  sun  and  itar«  ii 
of  the  same  general  nature.  As  we  see  spots  oa  the  sun  which  vaiy 
in  form,  siie  and  number  from  day  to  day,  so  if  we  could  take  a  suf- 
ficiently close  view  of  the  faces  of  the  stars  we  should  proiubly  sec 
spots  on  a  great  number  of  them.  In  our  sun  the  spotfi  never  cover 
more  than  a  very  small  fraction  of  the  surface  ;  but  we  have  no 
reason  to  suppose  that  this  would  be  the  case  with  the  stars.  If 
the  spots  covered  a  large  portion  of  the  surface  of  the  star,  tfaen 
their  varioUonsin  number  and  extent  would  cause  the  star  to  vary 
in  light. 

This  view  does  not,  however,  account  for  those  cases  in  which  the 
light  of  a  star  is  suddenly  increased  iu  amount  hundreds  of  times. 
But  the  spectroscopic  observations  of  T  Omvna  show  another 
analog  with  operations  going  on  in  our  sun.  Mr.  Htia<itKa''s  ob- 
servatiooB,  which  we  have  already  cited,  seem  to  abow  that  there 
was  a  sudden  and  extraordinair  outburst  of  glowing  hydrogen 
from  the  star,  which  by  its  own  bght,  as  well  as  by  heating  up  the 
whole  surface  of  the  star,  caused  an  increase  in  its  brilliancy. 

Now,  we  have  on  a  very  small  scale  something  of  this  same  kind 
going  on  in  our  sun.  The  red  flames  which  ore  seen  during  s 
toUl  eclipse  ore  caused  by  eruptions  of  hydrogen  from  the  interior 
of  the  aun,  and  these  eruptions  are  generally  connected  with  the 
facutffi  or  portions  of  the  sun's  disk  more  brilliant  than  the  rest  u( 
the  photoHpliere. 
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The  general  theory  of  variable  stars  which  bag  now  the  most 
«TideDce  in  its  favor  is  this  :  These  bodies  are,  from  some  general 
ouB«  not  fully  understood,  subject  to  eruptions  of  glowing  liydro- 
in  gas  from  their  interior,  and  to  the  formation  of  dark  spots  on 
eir  surfaces.  These  eruptions  and  formations  have  in  most  cases 
less  tendency  to  a  regular  period, 
the  case  of  our  sun,  the  peno<I  is  II  years,  but  in  the  caae  of 
,  of  the  stars  it  is  much  shorter.  Ordinarily,  us  in  the  case  of 
the  sun  and  of  a  large  majority  of  the  stars,  the  variations  are  to« 
tiight  to  aficct  the  total  quantity  of  light  to  any  visible  extent. 
But  in  the  caae  of  the  variable  stars  this  Bimt-prodiicirg  power  and 
the  liability  lo  eruptions  are  very  much  greater  than  in  the  case  of 
mx  sun,  and  thus  we  have  changes  of  light  which  cun  be  readily 
jerceivcd  by  the  eye.  Some  additional  strength  is  given  to  thu 
theory  by  the  fact  just  mentioned,  that  ao  largo  a  proportion  of 
^  the  variable  stars  are  red.  It  is  well  known  that  glowing  bodies 
'  fltpit  a  larger  proportion  of  red  rays  and  a  smaller  proportion  nf 
blue  ones  the  cooler  they  become.  It  is  therefore  probable  that 
the  red  stars  have  the  least  heat.  This  being  the  case,  it  is  more 
'  «asy  to  produce  spots  on  their  surface  ;  and  if  their  outside  surface 
Is  »o  cool  as  to  become  solid,  the  glowing  hydrogen  from  the  in- 
terior when  it  did  burst  through  would  do  so  with  more  power 
than  if  the  surrounding  shell  were  liquid  or  gaseous. 

There  is,  however,  one  star  of  which  the  variations  may  he  due  to 
W)  entirely  different  cause — namely,  Algol.  The  extreme  regularity 
with  which  the  light  of  this  object  fades  uway  and  disappears  sug- 

Ests  the  possibility  that  a  dark  body  may  be  revolving  around  it, 
d  partially  eclipsing  it  at  every  revolution.  The  law  of  variation 
Of  its  light  IS  so  different  from  that  of  \\\<i  light  of  other  variable 
■tars  as  to  suggest  a  different  cause.  Most  others  are  near  their 
maximum  for  only  a  small  part  of  their  period,  while  Algol'is  at  its 
maximum  for  nine  tenths  of  it.  Others  are  subject  to  nearly  ci 
tinuouB  ehoDges,  while  the  light  of  Algol  remains  constant  dur: 
nine  tenth*  of  its  period. 
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CHAPTER  III. 

-MULTIPLE    STARS. 

g   1.    CHAIULCTEB     OF    DOUBXiS    AXD    VDI/TIFLB 
STABS. 

When  we  exuiiiiie  tlie  Iienvens  with  teleecopee,  we  find 
many  caees  in  which  two  or  more  etara  are  estremely  cloee 
together,  so  as  to  fofm  a  pair,  a  triplet,  or  a  group.  It  it 
evident  that  there  arc  two  ways  to  account  for  this  ap- 
pearance, 

1.  We  may  suppose  that  the  stars  happen  to  lie  nearly 
in  the  same  straight  line  from  ub,  hot  have  no  c-orinrction 
witli  each  other.  It  is  evident  tliat  in  this  ease  a  pair  of 
Rtara  might  appear  double,  although  the  one  waslinndreds 
or  thoneaiids  of  times  farther  off  than  the  other.  It  is, 
moreover,  impossible,  from  mere  inspection,  todetermme 
which  ifl  the  farther  off. 

2.  Wu  may  snppose  that  the  stars  are  really  as  near 
togetlier  as  tliey  appear,  and  are  to  lie  considered  iw  form- 
ing a  coimocted  pair  or  group. 

A  couple  of  stars  in  the  firet  case  areeaid  to  be  opti'-'jUy 
ffaitb/^,  and  arc  not  generally  i^lassed  by  astronomers  as 
double  elars. 

Stars  which  are  considered  as  really  donhle  are  those 
which  are  so  near  together  that  we  are  jtistified  in  consider- 
ing them  as  jihysically  connected.  Sueli  stars  are  said  to 
be  phyKicalli/  t/oiible,  and  are  generally  designated  as 
double  atam  simply. 

Though  it  is  impossible  by  mere  inspection  to  docide  lo 
which  class  a  pair  of  stars  sLouhl  be  considei-ed  as  belong- 
''^i  JBt  the  calculus  of  probabilities  will  enable  us  to  d^ 
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de  in  a  rough  way  whether  it  ta  likely  tliat  two  Btars  imt 
rfiysically  connected  should  appear  bo  very  cloee  together 
tB  moet  of  the  double  stars  do.  This  question  was  first 
lonaidered  by  the  Rev.  John  Michell,  F.R.S.,  of  Eng- 
Iwd,  who  in  1777  published  a  paper  on  the  subject  in  tho 
philosophical  Transactions.  He  showed  that  if  the  lucid 
tars  were  equally  distributed  over  the  celestial  sphere,  the 
banceswere  80  to  1  against  any  two  being  witbiii  three 
Mnntes  of  each  other,  and  that  the  chances  were  500,000 
b  1  against  the  six  visible  stars  of  the  Pleiades  being 
iccidcntally  associated  as  we  see  them.  Wbeii  the  inill- 
HI8  of  teleseopic  stars  are  considered,  there  is  a  greater 
^bability  of  such  accidental  juxta[iosttion.  But  the 
pwbability  of  many  such  cases  occurring  is  so  extremely 
BDmll  that  astronomers  regard  all  the  closest  pairs  as  phy- 
ically  connected.  It  is  now  known  that  of  the  600, IXK) 
tare  of  the  first  ten  magnitudes,  at  least  10,(KI0,  or  one  out 
a  every  60,  has  a  companion  within  a  distance  of  30*  of 
BC.  This  proportion  is  many  times  greater  than  could 
jOBsibly  be  the  result  of  chance. 

\  There  are  several  cases  of  stars  which  appear  double  to 
3ie  naked  eye.  Two  of  these  we  have  already  described 
—namely,  d  Tauri  and  t  Lyrce.  The  latter  is  a  most 
mrions  and  interesting  object,  from  the  fact  that  each  of 
he  two  stars  which  compose  it  is 
b>elf  double.  Ko  morestriking 
dea  of  the  power  of  the  teles- 
ope  can  be  formed  than  by 
ointing  a  powerful  instrument 
pon  this  object.  It  will  then 
10  seen  that  this  minute  pair  of 
lints,  capable  of  being  distin- 
ihed  only  by  the  most  perfect     ___^^ 

really  composed  of  two  Fig.   122— the   quadrtiplb 
of  stars  wide  apart,  with  a  ^^*"  '  '■^'*'-*- 

mp  of  smaller  stars  between   and  around   them.     Tlie 
shows  the  appearance  in  a  telescope  of  considerable 
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4.H0                          Asrsosojur. 

Berolationa  of  Double  8t»r»-Biiuiry  SyHt«mfl.-Pie 
roost  iiiu-restiiig  qaestion  auggested  by  double  eure  i*  tki 
of   iheir   relative   loolion.      It   is    evident  that  if  ih«e 
bodies  are  eiulowed  vrith  tlie  property  of  mutnal  graviu- 

1         tion,  tbev  must  be  revolving  aronnd  each  otlier,  u  tha     . 

'         earth  and  planets  revolve  arv>ond  the  sun,  else  they  wonld 
W>  drawn  together  a«  a  single  rtar.     With  a  view  of  deWct- 
ing   this  revolution.  a»tronoin«ra    mcaeure    the  j-oeitum- 
angU,  and  dUu^fice  of  these  objects.     The  rfwta/w  of  tie 
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onts  of    the  double  star  is  eiuipiy  the    a 
hieh  separates  them,  as  seen  by  the  observer 
expressed  in  seconds  or  fractions  of  a  second 
znijh.  fif  position,  or  "  posit  ion -angle"  as  it 
cir  brevity,  is  the  angle  which  the  line  join 
■8  makes  with  the  line  drawn  from  the  brigh 
orth  i>ole.     If  the  fainter  star  is  directly  d 
hter  one,  this  angle  is  zero;  if  east,  it  is  90°;  l 

oparent 
.    It  is 
of  arc. 
is  often 
ing  the 
est  star 
orth  of 
f  south, 

J 

it  18  180"  ;  if  weet,  it  is  270°.     This  ia  illustrated  by  tha  I 
figure,  which  ie  supposed  to  represent  the  field  of  view  of  J 
an  inverting  telescope  pointed  toward  the  south.       The^ 
arrow  shows  the  direction  of  tlie  apparent  diurnal  motion. 
The  telescope  is  snppoaed  to  be  so  pointed  that  the  brighter 
star   may  be  in  the  centre  of  the  field.     The  numbers 
around  the  Biirrounding  circle  then  show  the  angle  of  po-   \ 
sition,  supposing  the  smaller  star  to  be  in  the  direction  of  | 
the  number.  I 

TliG  letters  s  n,  s^,  np,  and  nj^  sliow  the  methods  of 
dividing  the  four  quadrants,  s  meaning  south,  n  north, 
y  following,  and/)  preceding.     The  two  latter  words  refer 

to  the  direction  of  the  diur-    

nal  motion.  Fig.  124  is  an 
example  of  a  pair  of  stare  in 
which  the  position -angle  is 
about  44". 

If,  by  measures  of  tliis 
sort  extending  through  a 
series  of  years,  the  distance 
or  position-angle  of  a  pair 
of  stars  ia  found  to  cliange, 
it  shows  that  one  star  is  re- 
volving around  the  other. 
Snch  a  pair  is  called  a 
hijwry  star  or  hhuiry  ays- 
t^m.  The  only  distinction  Fig.  134.- 
which  we  can  make  between 
binary  eystenia  and  ordinary  double  stars  is  founded  on  I 
the  presence  or  absence  of  observed  motion.  It  ia  prob-  \ 
able  that  nearly  all  the  double  stars  are  really  binary  sya*  j 
I  terns,  but  that  many  thousands  of  years  are  required  to  1 
perform  a  revolution,  so  that  the  motion  has  not  yet  been  / 
detected. 

The  discoverj-  of  binary  systems  is  one  of  great  scien- 
tific interest,  becjinse  from  them  we  learn  that  the  law  oi  1 
gravitation  includes  the  stars  aa  well  as  the  solar  system  ia  I 


its  scope,  and  may  therefore  be  regarded  i 
proportj  of  matter. 

Colors  of  Double  Stan. — There  are  a  f ew  ooteworth  j  st«tutic* 
in  Kjianl  to  tbe  colors  uf  the  components  of  double  stan  which 
nuy  oe  given.  Among  SOO  of  the  brighter  double  atars,  there  are 
375  pitirB  where  earh  compODunt  has  the  same  color  and  iDt«Dsit^  ; 
101  pairs  where  the  compuDenta  have  same  color,  but  different  m- 
tenaU;  :  180  pair?  of  different  colors.  Among  those  of  the  samr 
color,  the  vast  majority  were  both  white.  Of  the  476  stars  of  the 
same  color,  there  weru  29^  pairs  whose  components  were  both 
white  ;  US  puir?  whoio  cumponeats  were  both  yellow  or  both  red  ; 
63  pairs  whose  romponi-nts  wct«  both  bluish.  When  the  com- 
ponents are  of  different  colors,  the  brighter  generally  appears  to 
have  a  tinge  of  red  or  yellow  ;  the  other  of  blue  or  green. 

These  d».ta  indicate  in  pirt  real  physical  laws.  They  also  are 
partly  iliie  to  the  phyaiulogiral  fact  that  the  fainter  a  atariB,the 
more  blue  it  will  appear  to  tbe  eje. 

UeoHuraB  of  Double  BtarB.—Ttie  first  syslematic  measures  of 
the  relative  positioua  of  the  components  of  double  stars  were  nade 
by  CumsTiAN  Mayeh,  Director  of  the  Ducal  Observatory  of  Mann- 
heim, 1 7T8,  but  it  is  to  Sir  William  Hekschel  that  we  owe  the  ba- 
sis of  our  knowledge  of  this  branch  of  sidereal  astronomy.  In  17S0 
HERsritEL  measured  the  reUtive  situation  of  more  than  400  double 
stars,  and  after  repeating  his  measures  some  score  of  years  later, 
be  found  in  about  50  of  the  pairs  evidence  of  relative  molion  of 
the  components.  In  this  first  survey  he  found  97  stars  whose  dis- 
tance was  under  4'.  102  between  4'  and  8',  114  between  8'  and 
]«',  and  133  between  10'  and  33". 

Since  IIbrscuel'b  observations,  the  discoveries  of  Sir  Johx  Hkb- 
scREL.  Sir  James  Soijtr,  Dawes,  and  many  others  in  England,  of 
W.  Struve,  Otto  Struvk,  Mauleii.  Sbixbi,  Dembowski.  Dv- 
SEK,  in  Europe,  and  of  Q.  P.  Bond,  Alvas  Clark,  and  B.  W. 
BuRNRAM,  in  the  United  States,  have  increased  the  number  of 
known  double  stars  to  about  10,000. 

Besides  tbe  double  starn,  there  arc  also  triple,  quadruple,  etc.. 
stars.  These  are  generically  called  multiple  gtart.  The  most  re- 
markable multiple  star  is  tbe  Trapmum,  in  the  centre  of  the  nebula 
of  Orion,  commonly  called  S  Orionu,  whose  four  stars  are,  without 
doubt,  physically  connected. 

The  next  combination  beyond  a  multiple  star  is  a  cluster  of  stars ; 
and  beginning  with  clusters  of  1'  in  diameter,  such  objects  may  lie 
found  np  to  30'  or  more  in  diameter,  every  intermediate  aiie  being 
represented.     These  we  ahull  consider  shortly. 

V'  8  2.    ORBITB  OP  BINAHY  STARS. 

When  it  was  established  that  many  of  the  double  stara  wer*  really 
revolving  around  each  other,  it  became  of  great  interest  to 
detennina  the  orbit  and  aacerXAUi  '«\^uU\ec  it  was  an  ellipse,  wilt 
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Ihe  centre  of  gravity  of  the  two  objects  id  one  of  the  foci ;  if  so,  it 
would  be  shown  that  gravitation  among  the  stars  followed  the  sarae 
Uw  as  in  the  solar  system.  As  nn  illustration  of  how  this  may  be 
done,  we  present  the  following  meanures  of  the  position-angle  and 
distance  of  the  binary  star  i  Vrm  Majorii,  which  was  the  first  one 
of  which  the  orbit  was  investigated.  The  following  notation  ii  J 
lifted:  p,  the  angle  of  position;  t,  tlie  distance;  A,  the  brightot.'j 
star  ;  B,  the  fainter  one. 

f  Urbj  Majoris  =  £  1033.* 
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a  a  plane  perpendicular  to  i 
I   the  focua  of  the  ellipse. 
:,  then  the  plane  of  the  true  < 

n  be  employed  in  dot^rmining    I 


If  thes 

•ereral  positions  of  B  will  be  found  to  lie  in  an  ellipse,  tliis  ellipM  ! 
is  the  projection  of  the  real  orbit  on  the  plane  peritendicular  to  the  ' 
line  of  sight,  or  line  joining  the  earth  with  the  star  A,  '  ' 
aueiition  of  analysis  to  determine  the  true  orbit  from  the  ti 
from  tht  values  of  ;>  and  J. 

If  tlie  real  orbit  happened  to  lie  i 
line  of  sight,  the  star  A  would  lie  i 
this  coincidence  does  not  take  plac 
bit  is  seen  obliquely. 

The  first  two  of  Kkplkh's  laws  i 
such  orbits,  but  the  third  law  is  inapplicable. 

Kassea  of  Binary  Syatema. — When  Ihe  parallax  or  distance, 
the  semi-major  axis  of  the  orbit,  und  the  time  of  revolution  of  a    ] 
binary  system  are  known,  we  can  determine  the  combined  niaM 
the  pair  of  stars  in  terms  of  the  mass  of  the  sun.     Let  ua  put  : 

a, ,  the  mean  distance  of  the  two  components  as  meai^ured  in 
seconds ; 

a,  thur  mean  distance  from  each  other  in  astronomical  u 

r,  the  time  of  revolution  in  years  ; 

M,  31%,  the  masses  of  the  two  component  fitars  ; 

P,  their  annual  parallax  ; 

D,  their  distance  in  astronomical  units. 

T  Is  No.  l(S21l  of  W.  BtniVBB  il..ri«t 
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From  the  generalization  of  Kkpi-ek's  third  law,  given 
theory  of  gravilalion,  we  have 

From  Lhe  fonnale  eiptalned  in  treatin;  of  par«IIax  we  hare 
il  =  1  -^  sin.  P. 
1  in  seconds,  a  L>dDg  tlie  s 

a  =  D     sin.  a\ 
Fnim  tlii-se  two  eqaiitiniis. 


1 

i 


b^TAUBB  -i'  and  P  «r 
Pulllnx  IhlB  value 


a  nmall  iLat  the  area  may  be  taken  for  their 
a  iu  the  equation  for  if  +  M,, 


a  C^nUmri  ■□<]  p  tjpbiur. 
have  In-f-n  deiermiurj  (O'-OS 
(I  CVnCuttH 


=  W.4  jeare;  «'  =  *'-70;  P  =  0'' 

\.a  in  ihu  last  cqaation  tUew  valoea 

M,  +  M=  0-67  for  a  Ctntnun. 
M,  4-  *"=3-8*torpOp;ituft4i, 


ullM^ 

tw.    For 


The  laat  oiimlier  is  (|uite  uncertaiii.  nwiag  to  tliedJIBcDilf  of  iimm- 
nriug  eo  small  a  parelUi.  We  can  only  conclude  that  the  axatm  o( 
tliMH  two  BjHlems  1b  not  many  times  graater  or  leea  than  the  tnaa*  of 
our  sun.  From  the  agreement  in  these  twucasca,  ii  is  pnbable  that 
In  other  lyatema,  if  the  luaas  could  be  determined,  it  woald  not  \xs 
greatly  different  from  the  taaaa  of  oor  »uq  We  may  on  iUIb  •upposl- 
tioti,  whicli  auiouQia  to  supposing  .Ifo  -t-  Sf  —  1,  appl;  the  formula 

to  other  hinnrlea,  and  deducB  a  value  for  Pin  each  case  which  le  callwl 
the  hypotliellcal  parallax  (Gyld^n),  and  which  is  probably  om  hr 
from  the  truth. 

There  are,  beilde  binary  systemB,  multiple  ones  as  C  Caiieri.  where 
the  diatauce  of  J  iiadBisO'-S;  and  from  the  middle   poini  betweeu 


uid  5  to  C  is  0'  -5.    The  periud  of  revolution  of  - 


»-B 


•bout  C  i* 
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Following  are  given  the  elements  of  several  of  the  more  irapor- 
taot  bitiary  ature.  Eight  of  theee  have  moved  through  an  entire 
revolution— 360° — since  the  first  obsBrvation,  and  about  150  are 
known  which  hare  ccnainl;  moved  throtigh  iin  arc  of  over  10"  since 
Ihey  were  first  observed. 

In  the  tables  the  genii-major  axis,  or  mean  diatance,  must  be 
given  in  seconds,  since  wc  have  usually  no  data  by  which  its  value 
in  linear  measures  of  any  kind  can  be  fixed. 

Periods  of  revolution  exceeding  13ti  years  must  be  regarded  M 


4S6  ABTJtOJTOMK 

TIm  Snt  eoiB|MtettoB  of  the  ocUt  of  t  Ibatxf  itaw  ins  niSe  to 
Bataxt  (AMnoomn  M  th«  Paito  OfaMmtoqr)  about  189S,  and  ha 
iMulto  were  the  flnt  wfafaA  d«nonatnted  &at  the  laws  of  mvita- 
ttoD,  which  we  kn«w  to  bo  openttro  orv  the  extent  of  we  ecriir 
mtem,  and  even  orer  tbe  TMt  spaoe  oorend  bj  the  orbb  of 
Hallct's  oomet,  extended  even  fnrater,  to  the  fixed  Btan.  Itmigbt 
hmn  been  before  19K  a  haxardona  extenaion  of  our  view*  to  rap- 
poae  erea  the  neareat  fixed  itan  to  be  aubJeiA  to  tbe  lawa  of  Nxw- 
ira ;  but  a*  many  of  the  known  lanaiiea  have  no  meaaorable  panl- 
hx,  it  ia  bv  no  means  an  nnaafe  conclnsion  that  ev«T7  fixed  itu 
whiefa  oar  beat  teleacopea  will  altow  ia  anbjected  to  the  aame  lavi 
ai  thoae  whkb  govern  the  fall  of  bodiea  upcn  the  earth. 


CHAPTER    IV. 

NEBULAE  AND   CLUSTERS. 
g  1.    DISCOVERY  OF  ITEBinLS!. 


In  the  etar-catalogueg  of  Ptolemy,  IIevelius  and  tbe 
earlier  writers,  there  was  included  a  class  of  nebulous  or 
cloudy  stars,  which  were  in  reality  star- cl asters.  They 
appeared  to  tite  naked  eye  ae  masses  of  soft  diffused  light 
of  greater  or  less  extent.  In  this  respect,  they  were  qnit« 
analogous  to  the  Milky  "Way.  When  GALtttyj  first  di- 
rected hie  telescope  upon  them  their  nebulous  appearance 
vanished,  and  they  were  seen  to  consist  of  clusters  of 
stars. 

As  the  telescope  was  improved,  great  numbers  of  such 
patches  of  light  were  found,  some  of  which  could  be  re- 
solved into  stars,  while  others  could  not.  The  latter  were 
called  7iSid(E  and  the  fonner  sfar-cltteters. 

About  1656,  HuYGHKNB  dcscrilHid  the  great  nebula  of 
Orion,  one  {>f  the  most  remarkable  and  brilliant  of  these 
objects.  During  the  last  century,  Messihr,  of  Paris,  made 
I  list  of  103  northern  nebulte,  and  Lacaille  noted  a  few  of 
tiioeo  of  the  southern  sky.  The  careful  sweeps  of  the 
heavens  by  Sir  William  Heebchel  with  hie  great  tele- 
Kopee  first  gave  proof  of  the  enormous  number  of  these 
masses.  In  17S6,  he  published  a  catalogue  of  one  thousand 
new  nebuljB  and  clusters.  This  was  followed  in  1789  by 
ft  catalogue  of  a  second  thousand,  and  in  1802  by  a  third 
catalogue  of  live  hundred  new  objects  of  thift  t^Uia. 


I 
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•imilu'  series  of  sweepa,  carried  on  by  Sir  Johs  Heb- 
wiiEL  ill  botli  hemispheres,  added  aboat  two  thousand 
more  nebulte.  The  general  catalogne  of  nebulie  and  clus- 
ters of  Btars  of  the  latter  astronomer,  published  in  1864, 
contwnB  5079  nebnUe  :  6251  are  known  in  1S79.  Over 
two  thirds  of  tliese  were  first  discoTcred  by  the  HEKecuKLs. 
The  mere  ennineration  of  over  4000  nebulie  is,  how- 
ever, bat  a  BDiall  part  of  the  Ubor  done  by  these  two  dis- 
tinguished afitronomere.  The  son  has  left  a  great  number 
of  studies,  drawings,  and  measures  of  nebuls,  and  the 
memoirs  of  the  father  on  tlie  Coustructioa  of  the  HeaveDf 
owe  their  su^i^tivenees  and  much  of  tlieir  value  to  iiis 
long-continued  observations  on  this  class  of  objects,  which 
gave  him  the  clue  to  his  theories. 


g  a.    0L&SaZFICATI01!T0FNEBUIlBAjrDCI.T7STEBK' 

In  studying  these  objects,  the  first  question  we  meet  ie 
this  :  Are  all  these  bodies  clnnters  of  stare  which  look 
diffused  only  because  they  are  so  distant  that  our  tele- 
scopes cannot  distinguish  them  separately  ?  or  are  some  of 
theui  in  reality  what  they  seem  to  be — namely,  diffi 
masses  of  matter } 

lu   his   early  memoirs  of  1784  and  1785,  SirWu-i 
Hrrschel  took  the  first  view.     He  considered  the  Mil 
Wny  as  nothing  but  a  congeries   of  stars,  and  all  nebnie 
naturally    seemed  to  him  to  be   but  stellar  clusters,  so 
distant  as  to  cause  the  individual  stars  to  disappear  in  a 
general  milkiness  or  nebulosity. 

In  1791,  however,  his  views  underwent  a  change.  He 
had  discovered  a  nebviova  star  (properly  so  called),  or  a 
star  which  was  undoubtedly  similar  to  the  surrounding 
stars,  and  which  was  encompassed  by  a  halo  of  nebulous 
liglit.  • 
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He  mj»  :  "  Nebulie  can  be  selected  f 


■  that  HI 


insensible  ((i^»- 


tion  Bhall  take  place  from  a  coarse  cluster  like  the  PUiada  dot 
■  mitk;  nebulositj  like  that  in  Orion,  every  intermediate  step  being 
represented.  This  tends  to  conGnn  the  hypothesis  that  all  are  com- 
posed of  stars  moie  Or  less  remote. 

'' A  comparison  of  the  two  eilremea  of  the  series,  aa  a  coarse 
cliuter  and  a  nebulous  star,  indicates,  however,  that  the  ntbaloiity 
about  tkt  itar  i»  not  0/  a  ttarry  natnre. 

"  ConsiderinR  H,  vi.  69,  as  a  typical  nebulous  star,  and  supposini; 
the  oucleus  and  chere lure  to  be  connected,  we  may,  first,  suppose 
tbe  nhole  to  be  of  stars,  in  which  cose  either  the  nucleus  is  enor- 
mously larger  than  other  stars  of  its  stellar  magnitude,  or  the  envelope 
is  composed  of  stars  indefinitely  small  ;  or,  second,  we  must  admit 
that  the  star  ia  intohed  in  a  tkiningjtiiid  of  a  nature  totally  unkitoien 
lout. 

"  The  shining  fluid  might  exist  independently  of  stars.  The 
light  of  this  fluid  is  no  kind  of  reflection  from  the  star  in  the  cen- 
tre. If  this  matter  is  self-luminous,  it  seems  more  fit  to  produce  a 
■tar  by  ita  condensation  than  to  depend  on  the  star  for  its  existence. 

"  B<ith  diffused  nebulosities  and  jilanetary  nebulie  are  beiier 
accounted  for  by  the  hypothesis  of  a  shining  fluid  than  by  suppos- 
ing them  to  be  distant  stars." 

This  was  the  first  exatrt  etatement  of  the  idea  that,  beside 
Btars  and  Btar-cliisters,  we  have  in  the  universe  a  totally 
distinct  series  of  objects,  probably  much  more  simplo  in 
their  constitution.  Tlie  observations  of  IIuogins  and 
Secchi  on  the  spectra  of  these  bodies  have,  as  we  shall 
see,  entirely  continued  the  conclusions  of  Hersciiel. 

NebulsB  and  clusters  were  divided  by  IIeesciiel  into 
classes.  Of  his  names,  only  a  few  are  now  in  general  use. 
He  applied  the  name  plajietari/  nebulm  to  certain  circular 
or  elliptic  nebulte  which  in  Ins  telescope  presented  disks 
like  the  planets.  Spiral  neiul<B  are  those  whose  convo- 
lutions have  a  spiral  shape.     This  class  is  quite  numer- 


Tbe  diflereat  kinda  of  nebuin  and  clusters  will  be  better  under- 
Mood  from  the  cuts  and  descriptions  which  follow  than  by  formal 
definitions.  It  must  be  remembered  that  there  is  an  almost  inQnite 
Tariety  of  such  shapes. 

The  figure  by  Bir  John  RERSctiEt.  on  the  ne«  page  gives  a  good 
idea  of  a  spiral  or  ring  nebula.  It  has  a  central  nucleus  and  a  i>mall 
and  bright  companion  nebula  near  it.  In  a  larger  telescope  than 
UEnsCHBL's  its  aspect  is  even  more  complicated.  See  «.Uo  Fv^,.  \'ift. 
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Thp  Oratfa  oi  heraahae  bcbulft,  so  called   (mm  the  rcse:      

of  Ihf  brighlMt  end  o(  il  to  i.  Groek  Q,  or  to  *  hone's  iron  ihoe,  il 
OD«  of  the  moxt  complex  ■nd  remuksbU  of  the  ndnilA  Tuitile  in 
tlie  northtm  hemisplicrc.  11  is  ]wuticuliitlj  worthy  of  nol*,  u 
there  is  eome  rcMon  to  believe  that  it  hftB  »  projier  motion.  Ctt- 
tain  it  U  that  the  bright  star  which  in  th«  figure  ib  u  the  left-lund 
upprr  romer  of  one  of  the  squares,  sod  ou  the  lefv-hMtd  (vt«ii 
edge  of  tlie  streak  of  nebulodtj,  was  in  the  older  dnwiDRi  pi***! 
on  the  other  aide  of  Lhiii  streak,  or  within  tht-  dark  bay,  thw  wt- 
iug  it  *t  least  probable  that  either  the  star  or  ttw  nebuU  br 
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The  tri/id  nebula,  bo  called  on  account  of  iu  tbrte  h 
which  meet  near  a  central  dark  space,  is  a  striking  object,  and 
waa  suspected  by  Sir  Jobm  Hersckki,  to  have  a  proper  motion. 
Later  observationi  seem  to  confirm  tliis,  and  in  particular  the  three 
bright  stars  on  the  left-hand  edge  of  the  right-hand  (cast)  mass  ire 
«  deeply  immersed  in  the  nebula  than  they  were  olaerred 
'  " '  -  '    "  "  ■""-       In 


the    [dark]   Irianple. 
i>rewnt  situation.     (,1 
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%  8.  BTAB  CLUSTSBS. 

Th.  mo«  i.olrf  <.(  .11  Ike  cl.»lm  »  <1»  l?™!".  •Wfl"  I"" 
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NEBULA  AND  CLUBTES&                       «3 

The  clusters  represeDted  in  Figs.  139  and  130  are  good  exftmplei 
of  theirclaases.    The  first  ie  globular  and  coDtains  several  thouBacd 
■mall  stars.     The  central  regiotis  are  denselir  packed  with  stars 

form.     The  second  is   a  cluster  of  about  200  stars,  of  magnilude* 
Tarying  from   the  ninth  to  the  thirteenth  and  fourteenth,  in  whicli 
the  hnghter  Blare  are  scattered  in  a  eomewhat  UDUHual  manne 

1 

this  ctasB  the  spectroscope  shows  that  each  of  the  individual  star 
ii  a  true  Bun.  shining  by  iU  native  brightness.     If  we  admit  that 
oliuter  is  real— that  is,  that  we  have  to  do  with  a  collection  ol  star 

U  a  fact  of  pbBervation  that  in  general  the  stars  composing  nicl 

J 
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cloften  «re  ftbout  of  equal  maffnitade,  and  are  man  cmtitjutd  it 
Ihe  cenlrt  than  «t  the  edges.     They  are  probably  subject  iopeaw»l 

Kwers  or  torwa.  This  waa  leeii  by  Sir  Wclliam  Uehkbei.  b  ITSI. 
iwys: 

"  Not  only  were  routul  nebiilB  and  cluster*  formed  by  centnl 
powers,  but  likenise  every  cluster  of  stara  or  nebula  that  show)  i 
gndual  coDdeDsation  or  increasing  brightness  toward  a  ceatir. 
This  theory  of  renlruljtower  is  fully  estabiithcd  on  grouiidi  ol  ob- 
■erration  which  tab  not  be  overturned. 

"  Cluster*  can  be  found  of  10  diameter  with  a  certundegrecof 
compression  and  stars  of  a  cen»in  magnitude,  and  smaller  cliuwn 
of  4'.  S  or  2  in  diameter,  with  smaller  stars  and  greater  comprcnion, 
and  so  on  through  resolvable  nebula;  by  imperceptible  steps,  to  the 
smallest  and   faintest  [and  most  distant]   nebnlK.     Other  clusten 
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there  are,  which  lead  to  the  belief  that  either  ihey  are  more  com- 
Dressed  or  are  composed  of  larger  stars.  Spherical  clusters  are 
different  in  aize  among  thema fives  than  different 
viduals  of  plants  of  the  same  species.  As  It  has  been  shown 
that  the  spherical  figure  of  a  cluster  of  stars  is  owing  to  central 
powers,  it  follows  that  those  clusters  which,  eatrritpa^u*,  are  the 
moat  complete  in  this  Qgure  must  have  been  the  longest  eiposed 
to  the  action  of  these  (causes. 

"  The  maturity  of  a  sidereal  system  may  thus  be  Judged  from 
the  iliBposition  of  the  componeut  parta. 

"  Thc-ugli  we  cannot  see  any  individual  nebula  nass  through  all 
it*  stages  of  life,  we  can  select  particular  ones  m  each  peculiar 
atsge,'  and  thus  obtain  a  single  view  of  their  entire  course  of  de- 
velopment. 


%  4.    SFECTBA  OF  NEBtTL^  AJSTD  CLUSTERS. 

In  1984,  five  years  after  the  invention  of  the  Epectroscope,  Dr. 

HcoGiKH,  of  LoufloQ,  cominenccd  the  exaraiQation  of  the  spectra 
of  the  oebuiie.  and  waa  led  to  the  di»cDvery  tliat  while  the  spectra 
of  stars  were  invariably  contiououe  and  crossed  with  dark  linea 
Bimilar  to  those  of  the  solar  spectrum,  thoiie  of  many  nebulto  were 
diximlinuoul,  showing  these  bodies  to  bo  copiposed  of  glowing  gas. 
The  figure  shows  the  spectrum  of  one  of  the  most  famous  planctBr; 
nebulae.  (H.  iv,  37.)  The  gaseous  nebula  include  near^  all  the 
plaoetary  nebulte,  and  very  frequently  have  stellnr-likc  condcnfm. 
tions  iu  the  centra-. 

Singularly  eDUugh,  the  most  milky  looking  of  any  of  rhe   ncbulee 

(thnt  in  Andromeda)  Rives  a  continuous  s[ie<  Irum,  while  the  nebula 
of  Oriim,  which  fairly  glistens  with  small  stars,  has  a  discontinuous 


I 
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Bpectrum,  showing  it  to  be  k  true  pas.  Most  of  these  stars  are  too 
faint  to  be  aoparalply  examined  with  the  spectroscope,  so  that  we 
cannot  say  whether  they  have  the  same  spectrum  as  the  nebuls. 

"he  spectrum  of  most  clusters  ia  continuous,  indicating  that  tho 
Individual  stars  aru  truly  stellar  in  their  nature.  In  a  few  cases, 
however,  clusters  are  composed  of  a  mixture  of  nebulosity  (usually 
>r  their  ceutrej  and  of  stars,  and  the  spectrum  in  such  cases  is 
compound  in  its  nature,  so  as  to  indicate  radiation  both  by  gusvoua 
and  solid  matter. 

6  6.    DISTBIBnTIOlT  OP  NEBUUB  AWP  CLTTSTEBB 

as  THE  SUBFACE  OF  THE  CELES- 

TIAX  SFHEBE. 

The  following  map  fFig.  183)  by  Mr.  R,  A.  Proctob,  gives  at  a 
glance  the  distribution  of  the  nebulx  on  the  celestial  sphere  with 
reference  to  the  Milky  Way,  whose  boundaries  only  are  indicated. 
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The  position  of  each  nebula  ia  marked  by  a  dot ;  where  the  dots  are 
thickest  there  is  a  region  rich  in  nebulie.  A  casual  examination 
shows  that  such  rich  regions  are  distant  from  the  Galaxy,  and  it 
would  appear  that  it  is  a  general  law  that  the  nebulae  are  distri- 
buted in  greatest  number  around  the  two  poles  of  the  galactic 
circle,  and  that  in  a  general  way  their  number  at  any  point  of  the 
sphere  increases  with  their  distance  from  this  circle.  This  was 
noticed  by  the  elder  Hbbscrbl,  who  constructed  a  map  similar  to 
the  one  ^yen.  It  is  precisely  the  reyerse  of  the  law  of  apparent 
distribution  of  the  true  star-clusters,  which  in  general  lie  in  or  near 
the  Milky  Way. 


CHAPTER    V. 

SPECTRA   OF   FLXED    STARS. 

1.    OHAaA.CTBBS  OP   STBLLA5  SPBCTHA." 

Soon  nfter  the  iJiscoverj  of  the  fpectroscope.  Dr.  Hdooihs  tad 
ProfcwMir  W.  A.  Miliar  applied  this  instrutncnt  to  the  e:(aiiiiiw- 
tion  of  stellar  spectra,  wliich  were  found  to  be,  iu  the  main,  ntlniUr 
to  the  solar  Bpeetrum — i.e..  composed  of  a  coDtinuous  bond  of  ttw 
tirutnatic  i-olon.  iwroas  which  dark  lines  or  baods  vere  laid,  Ih* 
luttvr  bdng  fixed  in  puaition.  Tliese  results  showed  tbe  tlxed  ttaa 
to  resemble  our  own  sun  in  gentr&l  constitution,  and  tti  be  c<itn- 
posod  of  an  inc-andeacent  nucleus  surroundi-d  bj  a  gneeuus  tad 
absorptive  atmosphere  uf  lower  tcnijierature.  This  simosphm 
around  man;  stars  is  different  in  condtitution  from  that  of  tbc  aun, 
aa  is  shown  by  the  diSereot  position  and  intensit;  of  the  variooi 
black  lines  and  ban  5s. 

The  various  stellar  spectra  have  been  cloaaified  b;  Skcchi  intn 
four  typai,  distinguish^  from  one  anolber  by  marked  differvncea  io 
the  position,  character,  and  number  of  tbe  dark  lines. 

Type  1  is  composed  of  the  white  stare,  of  which  Siriiu  and  Vega 
are  examples  (the  upper  spectrum  in  the  plate  Fig.  133).  The  epoc- 
trum  of  these  stars  is  continuous,  and  is  crowed  by  four  Jark 
lines,  due  to  the  presence  of  large  quantities  of  hydrogtm  in 
the  envelope.  Sodium  and  magnesium  lines  are  also  seen,  and 
others  yet  fainter. 

Type  II  is  composed  mainly  nf  the  yellow  stars,  like  oiir  own 
sun,  Areliirut,  CaptUa,  Aldebaran,  and  PoUux.  The  spectnun  of 
the  sun  is  shown  in  tbe  second  place  in  tbe  plate.  The  vast  f 
jority  of  the  stars  visible  to  the  naked  eye  belong  to  this  claaa.  4 

Typo  in  (see  the  third  and  fourth  spectra  in  the  plat«)    ' 
posed  of  the  brighter  reddish  stars  like  It  Orimiit.  Antam.a 
etc.  These  spectra  are  much  contracted  toward  the  violet  end,  a 
are  crossed  by  ci^ht  or  more  dark  bands,  these  tnnds  being  then* 
selves  resolvable  mto  separate  lines. 

These  three   types  comprise   nearly  all  the  lucid  stars,  and  it  is 
not  a  little  remarlfable  that  the  essential  differences  between  ths 
three  classes  were  recognized  by  Sir  Wii,i.i*M  Herscbbl  aa  m 
as  I7U8,  and  published  in  I8I4.     Of  course  his  observatiooi  i 
mode  without  ■  slit  to  his  spectroscopic  apparatus 
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TviM  tV  camiiriso»  tho  red  Hara,  which  ktu  mnstly  teltttMipfci 
The  chUKcterialV  npix-tram  is  showD  tn  the  last  figuie  of  the  ^Ute. 
Ii  U  i-uriouBly  )>andcU   with    tlirve    bright    i>p«CM  Mp*nt«d  bj 

It  U  probftblo  tliiit  the  hotter  s  KM  is  the  more  simple  a  speetral 
it  haa  ;  for  ll)e  hrij^htust,  and  therefore  probiblj  the  hottest  itMi*, 
■ucb  aa  SiriuA,  give  spectra  ahowio^  ottl)>  very  thick  hydroptn  liOM 
and  a  few  vcr;  thin  metallic  Unes,  while  the  cooler  itnra,  such  V 
our  »un.  arc  shown  b;  tlipir  spectra  to  contain  a  much  latter  nun- 
b«r  of  mi--(ttlUo  elements  than  Btat«  of  the  type  of  Siriiu,  but  BO 
Don-mptallio  elements  (oxygen  possibly  excepted).  The  cootett 
stars  give  band-epcctra  I'linracl eristic  of  compounds  of  metallic 
with  non~mutaIltc  eleucuts  and  of  the  non-metallic  elemeots  lu- 
combined. 


g  2.    MOnOIT  OF  STABS  IN  THS  LnCB  OF  SIOHT. 

Spcctrosoomc  obsetrations  of  stars  not  only  piro  infomiatioa  to 
n-'giLnl  to  th<^ir  chemical  and  ph;sic»l  cotuttitutioa,  but  hare  beat 
Bjniliod  so  as  to  dclermine  approiimulely  the  Telocity  in  kiloroelres 
per  second  with  which  the  ttam  arc  approaching  to  or  recfding 
from  the  earth  along  the  line  joining  earth  and  star.  Tho  theory 
at  such  a  determination  is  briefly  ns  follows  : 

In  the  solar  spectrum  we  Httd  a  group  of  dark  lines,  aa  «,  b,  t, 
w)iich  always  maintun  their  relative  poaitiou.  From  laboratory 
csperintcnts,  we  can  show  that  the  threcbright  lines  of  incandescent 
hjdroeen  (for  examplet  have  always  the  same  relative  position  as 
the  soUr  dark  lines  a,  b,  e.  From  this  it  is  inferred  that  the  solar 
dark  lines  are  due  to  the  presence  of  hydrogen  in  ita  absorptive 
atmjoaphere. 

Now,  suppose  that  in  a  stellar  spectrum  we  find  three  dark 
lines  a',  b',  (',  whoso  relative  ]>ositioii  is  eKOCtly  tho  same  as  that 
of  thu  Bolu'  lines  a,  b,  t.  Kot  only  is  their  relative  position  the 
snme,  but  the  characters  of  thelinoBthemBeIves,BO  farss  thefainter 
spectrum  of  the  star  will  allow  us  to  detemune  them,  are  also  simi- 
Inr — that  is,  a'  and  a,  b'  and  b,  t'  and  e  are  alike  a&  to  thickoew, 
blackness,  nebulosity  of  edges,  etc.,  ete.  From  this  it  is  inferred 
that  the  star  really  contains  in  its  atmosphere  the  substance  whose 
existence  has  l>een  shown  in  the  sun. 

If  we  contrive  an  apparatus  by  which  the  stellar  spectrum  is  seen 
in  the  tower  half  (say)  of  the  eye-pii-ce  of  the  spectroscope,  while 
tho  spectrum  of  hydrogen  is  seen  just  above  it,  we  find  in  some 
cases  this  remarka hie  phenomenon.  The  thivc  dark  stellar  lines, 
«'■.  ft',  c',  instead  of  bemg  exactly  coincident  with  the  three  hydro- 
gen lines  a.  ft,  c,  are  seen  to  bo  all  thrown  to  one  side  or  the 
other  by  a  like  amount—that  is,  the  whole  group  a,  b,  i!,  while 
presernng  its  relative  distances  the  same  as  thoee  of  tho  compari- 
son group  a.  ft,  e,  is  shifted  toward  either  the  violet  or  fed  end  of 
the  spectrum  by  a  small  yet  measuroblo  omouDt.     Repeated  expe^ 
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ntents  by  different  inatmmcnts  and  observers  sbow  always  a  shifting 
in  the  same  direction  and  of  like  atnount.  The  figure  sbowa  tbo 
flhiftiDg  of  the  P  line  in  the  Hpectrum  ot  Bkiim,  coin[Mred  with  ono 
teed  line  of  hydrogen. 

This  diajilacement  of  the 
Kpectral  lines  is  now  rf.'- 
couiited  for  b;  a  motion  of 

e  Btu  toward  or  from  the 
«*rth.     It  i»  shown  in  Phy- 
rce  of 
^^      )  light  which  gives   the 
|apectrmn  a\   b\  e    is   mov- 
Sngaway  from  the  earth,  this 
STonp  will  be  shifted  toward 
ue  red  end  of   the  spec- 
tram  ;  if  toward  the  earth, 
then  the  whole  croup  will 
be  shifted  toward  the  blue 
end.     The  amount  of  this 
shifting  is  a  function  of  the 
Telocit;  of  recession  or  ap- 
proach, and  this  velocity  in 
miles    per  second    can    be 
calculated  from  the  meas- 
ured displacement.     This  has  been  done  for  many  stars  by  Dr. 
BcooiKS,  Dr.  VooKI,,  and  Mr.  Chkihtie.     Their  results  agree  well, 
when  the  difficult  nature  of  the  research  is  considered.     The  ratM 
of  motion  vary  from  insensible  amounts  to  100  kilometres  i>cr 
ond  ;  and  in  some  cases  agree  remarkably  with  the  velocities  i 
iputed  from  the  proper  motiona  and  probable  parallaxes. 
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CHAPTER   VI. 

MOTIONS   AND    DISTANCES   OF   THE  STARS. 

$   1.    FBOFEB  MOTIONS. 

TFk  liave  already  stated  tliat,  to  the  nnu'dcd  xtbioii,  the 
fixed  Btare  appear  to  preserve  the  same  relative  position  in 
the  heavens  through  many  renturieH,  so  that  if  the  an- 
cient aBtninonicrs  conid  apain  see  them,  they  cuiild  haidly 
detect  the  Bljghtest  change  in  tlieir  amagGinent  Bot 
the  refined  methods  of  modem  astronomy,  in  winch  the 
power  of  tho  telescope  is  applied  to  celestial  meaevircment. 
have  shown  that  there  are  slow  changes  in  the  positiona 
of  tlie  brighter  Btare,  conBistiiig  in  a  motion  forward  in  a 
straight  line  and  with  uniform  velocity.  These  motions 
are,  for  the  most  part,  so  slow  that  it  would  require  thon- 
eande  of  years  for  the  change  of  position  to  be  percepti- 
ble to  the  unaided  eye.     They  are  called  proper  motions. 

As  a  ^neral  rule,  the  fainter  the  stars  the  emflllcr  the  proper  mo- 
tiooB.  For  tho  most  part,  the  proper  motions  ut  the  teleetopic  stare 
are  so  minute  ttint  Ine;  have  not  been  detected  except  in  a  very 
fuw  cases.  This  arises  partly  from  the  actual  ilownesa  of  the  mo- 
tion, and  partly  from  the  fact  that  the  positions  of  these  stars  have 
not  generally  been  well  determined.  It  will  be  readily  wen  that,  in 
ordur  to  detect  the  proper  motion  ol  a  star,  its  position  must  be  de- 
termined at  periods  separated  by  considerable  intervals  of  time. 
Since  the  exact  determinations  of  htur  positions  have  only  twen 
made  since  the  year  IT50,  it  follows  that  no  proper  motion  can  be 
detected  unless  it  is  large  enough  to  becom«  perceptible  at  the  end 
of  a  century  and  a  quarter.  With  very  few  exceptions,  no  accurate 
determination  ot  tho  pouitions  of  telescopic  Han  waa  made  until 
about  the  beglnuing  of  the  present  century.  Consequeaily,  we 
'"""''t  yet  pronounce   upon  the  proper  motions  of  theae  stunt,  ani 
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CM  only  say  that,  in  general,  Ihey  are  too  small  to  be  detected  by 
the  obserrations  hitherto  inftde. 

To  this  rule,  that  the  smaller  stars  have  no  sensible  proper  mo- 
tions, there  ar«  a  few  very  notable  ejceptions.  The  star  Oroom- 
iridge  1830,  is  remarkable  for  having  the  greatest  proper  motion  of 
any  in  the  beavena,  amounting  to  about  7'  in  a  year.  It  is  onl;  of 
the  seventh  magnitude.  Next  in  the  order  of  proper  motion  comes 
the  double  star  61  Cygni,  which  is  about  of  the  fifth  magnitude. 
There  are  in  all  seven  small  stars,  all  i>f  which  have  a  larger  proper 
motion  than  any  of  the  first  magnitude.  But  leaving  out  these  ex- 
eeptiunal  cases,  the  remaining  stars  show,  on  an  average,  a  diminu- 
tion of  proper  motion  with  brightness.  In  general,  the  proper 
notions  even  of  the  brightest  stars  are  oulj  a  fraction  of  a  second 
l|t  |i  year,  so  that  thousands  of  years  would  be  required  for  tbem 
to  change  their  place  in  any  striking  degree,  imd  hundreds  of 
tboosands  tu  make  a  complete  revolution  around  (he  licaTens. 


g  a.    PBOPBE  MOTION  OP  THE  SUTS. 

A  very  interesting  result  of  tiie  proper  motione  of  the 
stars  is  that  our  sun,  coiiBidcred  as  a  Btar,  lias  a  consider- 
»ble  proper  motion  of  its  own.  By  observations  on  a  star, 
we  really  determine,  not  tlio  proper  motion  of  the  star  it- 
self, but  the  relative  proper  notion  of  the  observer  and 
the  filar — that  is,  the  difference  of  their  motions.  Since 
the  earth  with  the  observer  on  it  is  carried  along  with  the 
sun  in  space,  his  proper  motion  is  the  Bamo  aa  that  of  the 
Bun,  so  that  what  observation  gives  us  is  the  dificrenoe 
between  the  proper  motion  of  the  star  and  that  of  the  sun. 
There  is  no  way  to  determine  absolutely  how  much  of 
the  apparent  proper  motion  is  duo  to  tJie  real  n'otion  of 
the  star  and  how  much  to  the  real  motion  of  the  snn.  If, 
however,  we  find  that,  on  the  average,  there  is  a  large  pre- 
ponderanee  of  proper  motions  in  one  direction,  we  may 
coQcliide  that  there  is  a  real  motion  of  the  sun  in  an  op- 
postti!  direction.  This  conclusion  is  reasonable,  since  it  ia 
luore  likely  that  the  average  of  a  great  mass  of  stars  Js  at 
reel  thau  that  the  snn,  which  is  only  a  single  star,  should 
be.  Now,  obsei-vation  sliows  that  this  is  really  Ihe  case, 
and  that  the  great  mass  of  stars  appear  to  be  moving  from 
the  direction  of    the  constellation  Hetvutea  and  toward 
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that  of  the  oonsteUatiou  Argus/^  A  number  of  artrono- 
mere  have  investigated  this  motion  with  a  view  of  deter- 
mining the  exact  point  in  the  heavens  toward  which  the 
Bun  is  moving.  Their  results  are  shown  in  the  following 
table  : 


ArtfttUnder 

O.  Strave 

Landahl 

Gnlloway 

MJldler 

Air  J  and  Dunkin 


Bigbt  AacenaioD. 

Dffdimtkm. 

257" 

49' 

28"     W    N. 

261' 

22' 

87"    36'    N. 

252" 

24' 

14"    26'    N. 

2«0" 

V 

34'    33'    N. 

261" 

38' 

89"     54'    N. 

263' 

20' 

28"    58'    N. 

It  will  be  perceived  tliat  there  is  some  discordance  aris- 
ing from  tlie  diverse  characters  of  the  motions  to  l)e  in- 
vosti«rHtc(l.  Yet,  if  we  lay  these  diflferont  points  down  on 
a  map  of  tlie  stars,  wc  shall  find  that  thov  all  fall  in  the 
constellation  IL  rrn!<\H,  The  amonnt  of  the  motion  is  such 
that  if  the  snn  were  viewed  atri;j:ht  an<]:le.sto  the  direction 
of  motion  from  an  aveni«i:e  star  of  the  first  magnitude,  it 
would  appear  to  move  about  one  third  of  a  second  i)er 
year. 

§  3.    DISTANCES  OF  THB  FIXED  STABS. 

The  problem  of  the  distance  of  the  stars  has  always 
been  one  of  the  greatest  interest  on  account  of  its  involv- 
ing the  question  of  the  extent  of  the  visible  universe. 
'  The  ancient  astronomers  supposed  all  the  fixed  stars  to  be 
situated  fit  a  short  distance  outside  of  the  orbit  of  the  planet 
Saturn  y  then  the  outermost  known  planet.  Tlie  idea  was  ' 
prevalent  that  Nature  would  not  waste  space  by  leaving  a 
great  region  beyond  Saturn  entirely  empty. 

When  CoPERxirus  announced  the  theorv  that  the  sun 
was  at  rest  and  the  eartli  in  motion  around  it,  the  prob- 
lem of  the  distance  of  the  stars  acquired  a  new  interest. 

*  This  wiis  diucovered  by  Sir  William  Herscuel  in  1783. 


DI8TAN0E8  OF  THE  STARS.  4?5 

It  was  evident  that  if  the  earth  deecribed  an  annual  orbit, 
then  the  stare  would  appear  in  the  conree  gf  a  year  to  os- 
cillate back  and  forth  in  correBponding  urliite,  uiilees  they 
■were  bo  imineneely  distant  that  these  cscillatiouB  were  too 
BDiall  to  be  Been.  Now,  the  appQi-ent  oeciliutiun  of  Satum^ 
produced  in  thia  way  was  described  in  Part  I.,  and  ehown 
to  amount  to  eonic  6°  on  each  Bide  of  the  mean  position. 
These  osciUatione  were,  in  fact,  those  which  the  aucitnts 
represented  by  the  motion  of  the  planet  around  a  small 
epicycle.  But  no  eneh  oscillation  had  ever  been  detected 
a  fixed  Ftar.  This  fact  eeenied  to  present  an  almost 
inenperablo  diHiculty  in  (he  reception  of  the  Copemican 
Byetem.  This  was  probably  tho  reason  why  Tycho  Brarb 
was  led  to  reject  the  system.  Very  naturally,  therefore, 
as  the  inetrunients  of  observation  were  from  time  to  time 
improved,  this  apparent  imnnal  oscillation  of  the  stars  wa« 
ardently  emight  for.  When,  about  the  year  1704, 
RoF.MRR  thouf^ht  he  had  detected  it,  he  published  hisob- 
eervations  in  a  disoerlatiiin  entitled  ^*  Coper niens  Trinm- 

'\an8."  A  similar  attempt,  made  by  IIikikk  of  England, 
was  eintitled  ''^  An  Attempt  to  J'rove  the  Motion  oftha 
JSarthy 

This  problem  is  identical  with  that  of  the  annual  paral- 
lax of  the  fixed  stars,  which  has  been  already  described  in 
the  conclndjng  section  of  our  opening  chapter.  Thia 
parallax  of  a  heavenly  body  is  the  angle  ivhicli  the  mean 
distance  of  the  earth  from  the  sun  subtends  when  eeen 
from  the  body.  The  distance  of  the  body  from  the  sun  ia 
inversely  as  the  parallax  (nearly).  Thus  the  mean  distance 
oi  Saturn  being  9-5,  its  annual  parallax  exceeds  G',  while 
that  of  Neptune,  which  is  three  times  as  far,  is  about  3°. 
It  was  very  evident,  without  telescopic  obeervatJon,  that 
ike  stars  could  not  have  a  parallax  of  one  half  a  degree. 
They  must  therefore  W  at  least  twelve  times  as  far  as 
Satvm  if  the  Co))enncan  system  were  true. 

TThen  tho  telescope  was  applied  to  measurement,  a  con- 
tinually increasing  accuracy  began  to  be  gained  by  the 
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improvement  of  the  instrnmente.  Tet  for  several  genera- 
tions the  pankUax  of  the  fixed  stars  eloded  meafiuremeiit. 
Very  often  indeed  did  oliaervere  tijiuk  ther  had  detected 
a  parallax  in  some  of  the  brighter  stars,  bat  their  siicc«e- 
Bore,  on  repeating  their  measures  with  better  iristminenis, 
And  investigating  their  methods  anew,  fonnd  their  con- 
clueions  erroneous.  Eurly  in  the  present  centniy  it  be- 
came certain  that  even  the  brighter  stars  had  not,  in  gen- 
eral, a  parallax  as  great  as  1',  and  thus  it  became  certain 
that  they  must  lie  at  a  greater  dtstaneo  than  300,000  times 
that  which  separates  the  earth  from  the  snn. 

Success  in  actually  measuring  the  parallax  of  the  etara 
was  at  length  obtained  xlmost  simultaneously  by  two  as- 
tronomers, Bessel  of  Konigsberg,  and  Stbcve  of  DorpaL 
Bebsel  selected  for  his  star  to  be  observed  61  Cygni,  and 
commenced  his  observatiuna  on  it  iu  August,  1S37.  The 
result  of  two  or  three  years  of  observation  was  that  this 
Btar  had  a  parallax  of  0'  ■  35,  or  about  one  third  of  a  sec- 
ond. This  would  make  its  distance  from  the  sun  nearly 
600,000  astronomical  units.  The  reality  of  this  paral- 
lax has  been  well  established  by  subsequent  investigatorE, 
only  it  has  been  shown  to  be  a  little  larger,  and  therefore 
the  star  a  little  nearer  than  Bessel  supposed.  The  most 
probable  parallax  is  now  found  to  be  0'-51,  corresponding 
to  a  distance  of  400,000  radii  of  the  earth's  orbit. 

The  star  selected  b;  Strutb  forltaeineitsureof  parallax  waa  the 
bright  one,  a  Lr/ra.  His  observations  weremndr  between  Novcm- 
bLT.  18:t5.  and  Auguat,  IS38.  He  flrit  deduced  apnraiUx  of  0'S5. 
Subsequent  oburvera  btive  reduced  this  parallax  to  O'-SO,  corra- 
spondiag  to  s  distaocs  of  about  1.000,000  astroDomical  uniu. 

Shortly  after  this,  it  was  found  by  HUNDSnaoK,  of  En^tUnd,  A»- 
triinomcr  Royal  fur  the  CHpe  of  Oood  Hope,  that  the  atiir  ci  Cfntauri 
hud  u  still  liirger  parallax  of  about  1'.  This  is  the  largest  pamllax 
now  known  in  the  case  of  any  fixed  star,  so  that  a  Centaiiri  ia,  be- 
jund  alt  ren^onablc  doubt,  the  nearest  fixed  star.  Yet  its  distanea 
is  more  tlian  200,000  astronomical  units,  or  thirty  millions  of  mill- 
inii<t  of  kilometres.  Lijrht,  which  passes  from  the  sun  to  the  e»rlh 
in  8  minutes,  wnuld  require  3^  years  to  rench  us  from  a  Ceataun, 

Two  methodK  of  rieterminioK  parallax  ha^e  been  npplied  in  a*- 
tronooiy.  The  purailnx  found  by  nne  of  ihes?  method*  ia  known  aa 
^tthttt,  thai  by  the  other  aa  relatipe  p^iitllat.     In  detennining  ti^K 
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absoluie  parallax,  the  observer  flnds  the  polar  distance  of  the  stkr  ] 
as  often  a»  possible  througl)  a  period  of  one  or  more  years  with  ■ 
meridian  circle,  and  then,  by  a  discuasioo  of  all  his  observations, 
concludes  wliat  is  the  raHgniiudB  ot  the  oscillation  due  to  paraliax. 
The  difficulty  in  applying  this  method  is  that  the  refraction  of  the 
ftir  and  the  state  ot  the  instrument  are  subject  to  changes  arising 
from  varying  temperature,  eo  that  the  obftervations  are  always  im- 
certAin  by  an  amount  which  is  important  in  such  delicate  work. 

In  determining  the  relalire  jMrallai,  l\ie  astronomer  selects  two 
stars  in  the  same  Qeld  of  view  of  his  telescope,  one  of  which  is 
many  times  more  distant  than  the  other.  It  is  possible  to  judge 
with  a  high  decree  of  probability  which  star  is  toe  more  distant, 
from  the  magnitudes  and  proper  motionst  of  the  two  objects.  It  is 
Saiumed  that  a  star  which  is  either  very  bright  or  has  a  large  pro- 
per motion  is  many  times  nearer  to  us  than  the  extremely  faint 
•tttra  which  may  be  nearly  always  seen  around  it.  The  effect  of 
fltraUax  will  then  be  to  change  the  apparent  position  of  the  bright 
■Ur  among  the  small  stars  around  it  in  the  course  of  a  year.  TIub 
fhange  admits  of  being  measured  with  great  precision  by  the  mi- 
crometer of  the  equatorial,  and  thus  the  relative  parallax  may  be 
determined. 

It  is  true  thnt  this  relative  parallax  is  really  not  the  absolute  por- 
>I1az  of  either  body,  but  the  difference  of  their  parallaxes.  So  we 
fiust  necessarily  suppose  that  the  parallax  of  the  smaller  and  more 
dlttant  object  is  zero.  It  is  by  this  method  of  relative  parallax 
that  the  great  majority  of  determinations  have  been  made. 

The  distances  of  the  stars  are  Bometimea  expressed  by  J 
the  time  required  for  light  to  pass  from  them  to  our  sys** 
iem.     The  velocity  of  light  is,  it  will  be  remembered,    ' 
about  300,000  kilometres  per  Bccond,  or  such  as  to  pass 
from  the  sun  to  the  earth  in  8  minutes  18  seconds. 

The  time  required  for  light  to  reach  the  earth  from  ■ 
lome  of  the  stare,  of  which  the  parallax  has  been  measorec' 
is  as  foUovks  : 
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CHAPTER  VII. 

CONSTRUCTION  OF  THE  HKAVEN8. 

Trk  visible  nniveree,  as  revealed  to  ns  hy  the  tulcecope, 
Ib  a  coUectiou  of  many  milLioiu  of  bUts  and  of  sev^ 
thousand  iiebolat.  It  la  sumctiinea  called  the  stellar  or 
sidereal  system,  and  sometimes,  as  already  remarked,  the 
Etellar  universe.  The  most  far-reacliin|r  queetion  wttb 
which  astronomy  has  to  deal  is  that  uf  the  form  and  mag- 
nitude of  thie  system,  and  the  arrangement  of  the  stare 
which  compose  it. 

It  was  once  supposed  that  the  staps  were  arranged  on 
the  same  general  plan  as  the  bodies  of  the  solar  system, 
being  divided  np  into  great  numbere  of  groups  or  clns- 
tere,  wliile  all  the  stars  of  each  group  revolved  in  regnkr 
orbits  round  tlie  centreof  the  group.  Ail  the  groups  were 
supposed  to  revolve  around  some  great  comuion  centre, 
which  was  therefore  the  centre  of  the  visible  universe. 

Bnt  there  is  no  proof  that  this  view  is  correct.     The 

only  astronomer  of  the  present  century  who  held  any  snch 

doctrine  was  Maedlkb.     He  thought  that  the  centre  of 

motion  of  all  the  stars  was  in  the  Pleiadttn,  but  no  other 

astronomer  shared  his  views.     Wo  Iiave  already  seen  that 

a  great  many  stars  arc  collected  into  clustera,  bnt  there  is 

no  evidence   that  the  stars  of  these   clusters  revolve  in 

i|        r^iilar  orbits,  or  that  the  chisters  themselves  have  any 

I        regnlar   motion  around  a   common  centre.     Besides,  the 

lai^  majority  of  stars  visible  witli  the  telescope  do  not 

1       appear  to  be  grouped  into  clusters  at  aU. 


BTIiUCTUSB  OF  THE  HEAVKNS. 


The  first  astronomer  to  make  a  careful  eka&y  of  the 
arranfi^emeDt  of  the  stars  with  a  view  to  learn  the  structure 
of  tlie  heavens  waa  Sir  William  Herschel.     He  published 
JD  the  PhUos&phical  Transaction*  several  memoirs  on  the 
constraetion  of  the  heaveus  and  the  arrangement  of  the  A 
elars,  which  have    become  justly  celebrated.     We  sliall  I 
therefore  begin  with  an  account  of  HEReciiEL's  uiotUodB  I 
and  results. 

Hersciiel's  method  of  stndy  was  founded  on  a  mode  of  ' 
observation  which  he  called  gtar-ganging.  It  consisted  in 
puinting  a  powerful  telescope  toward  various  parte  of  the 
heavens  and  ascertaining  by  actual  count  how  thick  the 
stare  were  in  each  region.  His  2n-foot  reflector  was  pro- 
vided with  such  an  eye-piece  that,  in  looking  into  it,  he  J 
would  see  a  portion  of  the  heavens  about  15'  in  diameter.  ' 
A  circle  of  this  size  on  the  celestial  sphere  ha«  about  one 
quarter  the  apparent  surface  of  the  sun,  or  of  the  full 
moon.  On  pointing  the  telescope  in  any  direction,  a 
greater  or  less  number  of  stars  were  nearly  always  visible. 
These  were  counted,  and  the  direction  in  which  the  tele- 
scope pointed  was  noted.  Gauges  of  this  kind  were  made 
in  all  parts  of  the  sky  at  which  he  could  point  his  instnt- 
mcnt,  and  tlie  results  were  tabulated  in  the  order  of  right  1 
ascension.  v 

The  following  is  an  extract  from  the  gauges,  and  give*  I 
the  average  number  of  stars  in  each  field  ut  the  [lointa  / 
noted  in  right  ascension  and  north  polar  distance  : 
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Ha  or  Stan. 

fc.          m 

S-4 

11          « 

15       S2 

10-ft 

la      81 

IS        47 

10« 

]2       44 

10          8 

12-1 

IS        49 

13-a 

U          S 

18       37 

19-8 

14        SO 
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In  thia  bouU  table,  it  is  plain  that  a  difierent  law  d 
clustering  or  of  distribution  obtains  in  the  two  n^Ofl 
Sncb  differences  »re  etill  innro  marked  if  we  compare  If 
eztreniQ  c-aaea  found  by  Hebscqel,  as  li.  A.  =  19'' 
N.  P.  D.  =  74*  33',  number  of  stare  per  field  ; 
and  B.  A.  =  16'  10",  N.  P.  D.,  113"  4',  number  i 
Btara  =  II- 

The  nnniber  of  tbe«e  stars  in  certain  portions  is  vert 
great.  For  cxaniplo,  in  the  Milky  Way,  near  Orion,  six 
fields  of  view  promUcuoosly  taken  gave  110,  60,  70,  90, 
70,  and  7-t  stars  each,  or  a  mean  of  79  stars  per  field. 
TUe  most  vacant  space  iu  this  neighborhood  gave  63  stars. 
So  that  as  Hfjbsciiel's  sweepa  were  two  degrees  wide  ia 
declination,  in  one  hour  (li>°)  there  would  pass  through 
the  field  of  his  telescopo  40,ti00  or  more  stars.  In  some 
of  the  sweeps  this  ouinber  was  as  great  as  116,000  stars 
in  a  quarter  of  an  hour. 

On  applying  tliis  telescope  to  the  Milky  Way,  Heb- 
SCHEL  supposed  at  tlie  time  that  it  completely  resolved  the 
whole  whitish  appearance  into  small  stars.     This  condifl 
sion  he  subsequently  modified.     Ho  says  :  ^| 


It  Btratum  culled  ths  Hilky  Way 
is  that  ID  which  the  sun  is  pluccS,  though  perhaps  not  in  the  veiy 


"  It  is  verj  probable  that  the 
■  It  ID  which  the 
«  oCitB  thickoc 


"  Wo  gather  this  [rom  the  appearance  fit  the  Galaxy,  which 
eeemi  to  encompiuis  the  vhole  heavens,  ss  it  certainly  must  do  if 
the  Bun  ii  within  it.  For,  suppose  a  number  of  stars  arrooged  be- 
twr^en  two  parallel  planes,  iodeGDitcly  extended  every  way,  but  at 
s  given  considerable  distance  from  each  other,  and  calling  this  t 
oiacrcal  stratum,  an  eye  placed  somewhere  within  it  will  bm  """ 
tbe  Stan  in  the  direction  of  the  planes  of  the  stratunL  projected  li 
*  great  circle,  which  will  nppear  lucid  on  account  of  the  accar 
Intion  of  Ihu  stars,  while  Iho  rest  of  the  heavens  at  the  udea, 
only  seem  to  be  icstU-red  over  with  constellatinns,  more  or 
crowded,  according  to  the  distance  of  the  planes,  iir  number  of 
■tars  contained  in  the  thickness  or  sides  of  thf  strutum." 

Tims  in  H&ii9chkl*s  fieure  an  eye  at  S  within  thu  stratum  ab 
will  scH  the  stars  in  the  direction  of  its  len^h  ab,  or  height 
with  ull  those  in  the  intermediate  situations,  projected  into  % 
lucid  circle  A  OBD,  while  those  in  the  sides  «  r.  n  u>,  wilt  be  ■ 
Bcattercd  over  the  remaining  part  of  the  heavens  Jf  ¥ 


list 
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*'  If  the  eye  were  placed  nomewhere  without  the  strntum,  at  no 

~    great  distance,  the  QpnearaQce  of  the  atari  within   it  would 

ne  tlie  form  of  one  of  the  smaller  circles  of  the  sphere,  which 


luld  be  more  or  less  contracted  according  to  the  distance  of  the 
\  Bnd  if  this  distance  were  exceedingly  increased,  the  whole 
turn  might  at  lost  be  drawn  togelliet  Into  nXacKi  «y»V  lA  *K1 


L 


48«  ASTHOXOMT. 

••■bMft,  uncording   to  th«  length,  brwdth,  and  h«igiii  of    th«  on- 

"SiippoM  that  *  aniKller  stnlum  p  q  should  brunch  out  (rou 
Ihe  [ormer  in  ■  certuin  direclion,  uid  that  it  also  U  conuined 
betvcen  t»<f  parallel  plsn«a,  so  that  the  eye  U  contained  within 
the  great  stratum  luiniowhere  before  the  sepanliin.  and  not  &r 
tram  tlie  place  where  thv  strata  are  still  united.  1'hen  this  Mcond 
stralutn  will  not  bo  projivled  into  a  bright  circle  like  the  fomer. 
hut  it  will  be  seen  as  a  lucid  branch  proceeding  from  the  first,  and 
returning  into  it  again  at  a  distance  less  than  a  eemidrcle. 

"In  the  Hgure  the  stara  in  the  small  stratum  p  q  will  be  pro- 
Jectvd  into  a  bright  arc  P  R  R  P.  which,  after  its  separation  rroni 
the  circle  C  B  D.  unites  with  it  again  at  P. 

••  If  the  bounding  surfaces  are  not  parallel  planes,  but  irregularlj 
currt-d  surfacrs,  nnalt^ouii  appearances  must  result." 

The  Milky  Way,  ab  wc  see  it,  presents  llie  aspet't  wiiich 
hna  been  just  lux-onnted  fur,  in  its  general  appearaacc  uf  a 
girdle  uroiiiid  t)ia  licaveiis  and  in  its  bifurcation  at  a  cer- 
tain puiiit,  and  Hkr6ciiel's  exnlaiiation  of  tliis  appear- 
ance, as  jiwt  given,  litw  never  been  eeriously  questioiijJ. 
One  doubtful  point  remains:  are  tbo  st^rs  in  Fig.  HS 
scattered  all  through  the  space  S  -  n  bp  d  I  or  are  tUoy 
near  it^  Iwunding  planes,  ur  clustered  in  any  way  witliin 
this  space  so  as  to  produce  the  same  result  to  the  oye  as  If 
nnifornily  distiibiited  i 

Hkrsckel  assumed  that  they  were  nearly  equnhly  ar- 
ranged all  tlirnugh  the  space  in  question.  He  only  erwn- 
ineii  one  other  arrangement — viz.,  that  of  a  ring  of  Btare 
surroiniding  the  mm,  and  he  pronounced  against  such  an 
ari'angetneut,  for  the  reason  tliat  there  is  absolutely  noth- 
ing in  the  size  or  brilliaucy  of  the  sun  tu  cause  us  to  sup- 
pose it  to  be  the  centre  of  such  u  gigantic  system.  No 
reason  except  its  importance  to  us  {>ersonalIy  can  be  alleged 
fir  such  a  supposition,  By  the  asaumptiona  of  Fig.  135, 
each  star  will  have  its  own  appearance  of  a  galaxy  or  railky 
way,  which  will  vary  according  to  the  situation  of  the  star. 

Such  fm  explanation  will  account  for  the  general  appear- 
ances of  the  Milky  Way  and  of  the  rest  of  the  sky,  sup- 
posing the  stars  equally  or  nearly  equally  distributed  in 
Apace.     On  this  supposition,  the  system  must  be  dou|ier 
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where  tbe  titare  appear  more  numerous.  The  same  evi- 
dence can  be  etrikingty  presented  in  another  way  so  as  to 
inclade  the  results  of  tiie  southern  gauges  of  Sir  Jobs 
Hebschel.  The  Galaxy,  or  Milky  Way,  being  nearly  a 
great  circle  of  tbe  sphere,  we  may  compute  the  position 
of  its  north  or  south  pole;  and  as  the  position  of  our  own 
polar  points  can  evidently  have  no  i-ektion  to  the  stellar 
universe,  we  express  the  position  of  the  gauges  in  galaolio 
"polar  distance,  north  or  south.  By  subtracting  these 
pi  liar  distances  from  90°,  we  shall  have  the  distance  of  each 
gauge  from  the  centra!  plane  of  this  Galaxy  Itself,  theetan 
near  90°  of  polar  distance  being  within  the  Galaxy.  The 
■average  number  of  stars  per  held  nf  15'  for  each  zone  of 
15°  of  galactic  polar  distance  has  been  tabulated  by  Stbctb 
and  HERscuEt,  as  follows: 
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This  tabic  dearly  shows  that  the  euj>erJ!'-itU  distribution 
of  stars  froiti  the  first  to  the  tifteentli  magnitudes  over  the 
apparent  celestial  sphere  is  such  that  the  vast  majority  of 
them  are  in  that  zone  of  'S0°  wide,  which  includes  the 
Milky  Way.  Other  independent  researches  have  shown 
that  the  fainter  lucid  stars,  considered  alone,  are  also  dis* 
tributed  in  greater  number  in  this  zone. 


Hbkschel  endeavored,  in  his  earlj  memoirs,  to  find  ihe  physical 
expluifttion  of  thiH  ineijiiatitj  of  diatributkin  in  the  theory  of  th« 
universe  exemptiHcd  in  Fig.  138,  which  was  based  on  the  fuoda- 
nientnl  asgumption  that,  oii  the  whole,  the  stars  were  aearly  equably 
diEti  ibiited  in  Rpace. 


J 
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If  th»y  wcK  ao  distiibuted,  then  the  number  of  starg  Tiaibk  in 
ftn;  tniugi^  would  show  thr  thicknirss  nf  the  stellar  Byaleni  k  the 
dirtx-tion  lu  which  thP  telescope  wns  poiatrd.  At  each  poioting, 
the  field  ol  vii'W  of  the  inatrument  ioi^ludes  «11  the  nsibte  tUn  nt- 
lutcd  within  It  ranc,  having  its  vertex  al  thi^  cib^crrer's  ejc,  and  it 
tnae  U  the  very  limits  of  the  sytitem,  the  angle  of  the  cone  (at  It^ 
eje)  being  l-V  4'.  Then  the  cubes  of  the  uerpendicnUn  let  J|' 
from  tho  eye  on  thf  plane  of  the  basea  of  the  mrious  visual  o 
are  proportional  to  tno  solid  contents  of  the  coacH  tliemselrrs,  OC  j 
the  stars  ore  HUppoeed  oqnally  scattered  within  all  the  conea^V 
rube  roots  of  the  numbers  of  stars  in  eaeh  of  the  fields  express  ■ 
relative  lengths  of  the  perpendiculars.  A  terthn  of  the  sidereal  V 
tem  along  any  great  circle  can  thus  be  constructed  as  iu  the  " 
which  is  copied  from  HERecoEU 

Tho  solar  system  is  suppusml  lo  bo  at  ihc  dot  within  the  i 
sUrs.  From  this  point  ftnea  are  drawn  along  the  directii 
which  the  gBU)^ng  telesco]ie  was  pointed.  On  these  linex  hi 
off  lengths  pro|>ortional  to  the  ciibe  roots  of  tlie  number  of  si 
each  gniige. 


The  irregular  line  joining  the  terminal  points  is  approximi 

the  bounding  curve  of  the  stellar  system  in  the  great  circle  chos_ 

Within  this  line  the  space  is  nearly  nniforroly  filled  with  stats. 
Without  it  is  empty  space.  A  similar  section  can  be  constructed  in 
any  other  jp'eat  circle,  and  a  combination  of  all  such  would  give  a 
representation  of  the  shape  of  our  stellar  system.  The  more  numer- 
ous and  careful  the  observations,  the  more  elaborate  the  rcprusen- 
tation,  and  the  863  gauges  of  Hersi'Obi.  are  sufficient  (o  mark  ont 
with  ureat  precision  the  main  features  of  the  Milky  Way,  and  even 
to  indicatn  some  of  its  chief  irregularities.  TIus  figure  may  be 
compared  with  Fig.  135. 

On  the  fundamental  assumplion  of  Hebschbl  [equable  distribu- 
tion), no  other  conclusions  can  be  drawn  from  hia  statistics  but 
that  drawn  by  him. 

This  assumption  he  subsequently  modified  in  some  degree,  and 
"" J^d  to  regard  his  ifaugea  as  indicating  not  so  much  the  depth 
of  the  system  in  any  direction  as  the  clustering  power  or  tendency 
of  the  stars  in  those  special  regions.     It  is  clear  that  if  in  an; 
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siren  part  of  the  ak;,  vhere,  on  the  avErage,  there  are  10  stura 
(s>;)  to  a  field,  we  should  find  a  certain  small  portion  of  lOO  or 
more  to  a  field,  then,  on  Herbchel's  first  hypothesis,  rigorously  in- 
terpreted, it  would  he  neceMary  to  suppose  a  spike-shaped  protu- 
berance directed  from  the  earth  in  order  to  ennlain  the  increased 
number  of  stars.  If  many  such  places  could  be  found,  then  the 
probability  is  great  that  this  eKplanation  is  wrong.  We  should 
more  rationally  suppose  some  real  inequality  of  star  distribution 
here.  It  is,  in  fact,  in  just  such  details  that  the  system  of  Her- 
BCBEi.  breaks  down,  and  the  careful  examination  which  his  system 
hu  received  leads  to  the  belief  that  it  must  be  greatly  modified  to 
cover  all  the  known  facts,  while  it  undoubtedly  has,  in  the  main,  a 
ttrong  bosia. 

The  stars  are  certainly  not  uniformly  diatributed,   and  any  gen- 
eral theory  of  the  sidereal  system  must  take  into  account  the  varied      ' 
tendency  to  aggregation  in  various  parts  of  the  sky.  ' 

The  curious  convolutions  of  the  Milky  Way,  observed  at  varioiii 

S«rte  of  ita  course,  seem  inconaistent  with  the  idea  of  veir  great 
Gpth  of  this  stratum,  and  Mr.  Proctor  has  pointed  out  that  the 
eirciilar  forms  of  the  two  "  coal-sacks"  of  the  Southern  Milky  Way 
Indicate  that  they  are  really  globular,  instead  of  being  cylindric 
tunnels  of  great  length,  looking  ialo  space,  with  (heir  axes  directed 
toward  the  earth.  If  they  are  globular,  then  the  depth  of  the 
Milky  Way  in  tlicir  neighborhood  cannot  be  greatly  different  from 
their  diameters,  which  would  indicate  a  much  smaller  depth  than 
that  assigned  by  Herscbel. 

In  I81T,  Uerscubl  published  an  important  memoir  on  the  9ame 
subject,  in  which  his  lirst  method  was  tnrgely  modified,  though 
not  abajidoned  entirely.  Its  fundamental  principle  was  stated  by 
him  AS  follows  : 

"  It  is  evidunt  that  we  cannot  mean  to  aifirm  that  the  stars  of  the 
fifth,  sixth,  and  seventh  magnitudes  are  really  smaller  than  those 
of  the  first,  second,  or  third,  and  that  we  must  ascribe  the  cause 
of  the  difference  in  the  apparent  magnitudes  of  the  stars  to  a  differ* 
ence  in  their  relative  distances  from  us.  On  account  of  the  great 
number  of  stars  in  each  class,  we  must  also  allow  that  the  stars  of 
each  succeeding  magnitude,  be^nning  with  the  first,  are,  one  with 
another,  further  from  us  than  those  of  the  magnitude  immediately 
preceding.  The  relative  magnitudes  give  only  relative  diatancea, 
and  can  afford  no  information  as  to  the  real  diatancea  at  which  the 
.»r.  .re  pl.e«l. 

"  A  atuidard  of  reference  for  the  arrangement  of  the  start  may 
be  bad  by  comparing  their  distribution  to  a  certain  properly  mod- 
ified equality  of  scattering.  The  equality  which  I  propos^does  not 
require  that  the  stars  should  be  at  equal  distances  from  each  other, 
nor  is  it  necessary  that  all  those  of  the  same  nominal  magnitude 
should  be  equally  distant  from  its." 

It  consists  of  allotting  n  certain  equal  portion  of  space  to  every 
■t«r,  so  that,  on  the  whi>1e,  each  equal  portion  of  spttco  within  the 
■tellar  ayatem  contains  an  equal  number  o(  stars. 


radius  will  n 
differ  greatly  {nnn  tli« 
distani^e  of  tliennmt 
fixtd  star,  and  tkia  it 
tftkcn  OB  the   anil  of 

giijiposc  a  seiics  ot 
largtT  Bphrres.  ill 
dritwn  around  our  san 
)iaa centre,  audbtviog 
the  nidii  3,  5.  :,  S, 
etc.  The  contfrteof 
tlie  spheres  beit\g  u 
the  cubes  nf  uieir 
dinmetcn,  I  be  tint 
Ephire  will  bare  S  ).  3 
X  8  =  27  times  Uio 
volume  of  the  unit 
aphere.  and  will  there- 
fore Iw!  Inrge  enough 
to  cQuttun  i'  stun ; 
the  second  will  have 
125  times  the  volume, 
and  will  lli  ere  fore  cnn- 
tain  125  slfir«,  and  bo 
with  the  SDceetviT^: 
inheres.      The    figur 


"  of 
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portions  <i{  tlioie 
spheres  up  tu  thai 
with  radius  II.  Ahove 
the  ecDtrv  are  given 
I  Ihc  various  ordere  of 
I  atari)  which  are  situ- 
I  Bted  between  the  seV' 
nil  spheres,  while 
1  Ihc  corresponding 
F  DiBTANrB  OF"  eTARg.  spites  Ik'Iow  the  cen- 
tre are  jjiveo  the  num- 
ber of  stars  wbirli  the  rofpon  U  larpc  enough  to  contain:  for  io- 
Btance,  tils  sphere  of  radius  7  baa  room  for  S43  stars,  but  uf  Uiis 
space  125  parts  belong  to  the  spheres  inside  of  it :  there  is.  there- 
fore, room  for  319  stars  between  the  spherei  of  radii  5  and  T. 

Hrrsckkl  designates  the  several  distances  of  these  lajers  of 
stars  as  orders  :  the  stars  between  spheres  1  and  3  are  of  the  flr^t 
order  of  distance,  those  between  3  and  S  of  the  second  order,  and 
BO  on.  Comjuirtng  the  room  for  stars  between  the  several  spheres 
with  the  number  of  stars  of  the  acveral  magnitudea,  be  found  tbo 
result  to  be  as  follows  : 
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The  icsult  of  this  comparison  U,  that,  tf  the  order  of  magDitudeB 
could  indicate  the  di^ilance  of  tlic  sturs,  it  would  dunole  at  IJTBt  \ 
gradual  and  afterward  a  very  abrupt  condensation  of  them. 

If.  on  the  ordinary  scale  of  maguitudeB,  we  assume  the  briehtneM 
of  any  star  to  be  inversely  proportional  to  the  square  of  its  dis- 
tance, it  leads  to  a  soale  of  diataoce  different  from  that  adopted  by 
HBB9CHEI.,  so  that  a  sit th- magnitude  star  on  the  common  scale 
would  lie  about  of  the  eighth  order  of  distance  according  to  this 
scheme— that  is,  we  must  remove  a  star  ot  the  first  magnitude  Ut 
eig;ht  times  its  actual  distance  to  make  it  shine  like  a  star  of  tht 
sixth  magnitude. 

On  the  scheme  here  laid  down,  Ukbbchel  subseuuently  assigned 
the  order  of  distance  of  varinua  objects,  mostly  star-clusters,  and 
hia  estimates  of  these  distances  are  still  quoted.  They  rest  on  the 
fundamental  hy|>otheais  which  has  buen  explained,  and  the  error 
in  the  assumption  of  equal  brilliancy  for  all  stars,  aflccts  these  esti- 
mates. It  is  perhaps  most  probable  that  the  hypotheais.  of  equal 
brilliancy  for  all  nCars  is  still  more  erroneous  than  the  hypothesis 
of  equal  distribution,  and  it  may  well  be  that  there  in  a  very  large 
range  indeed  in  Ihc  actual  dimensions  and  in  the  intrinsic  brilliancy 
of  stars  at  the  !tamc  order  of  distance  from  us,  so  that  the  tenth- 
magnitude  stars,  for  example,  may  be  scattered  throughout  tin 
spheres,  which  Heiibciiel  would  assign  to  the  seventh,  eighth, 
ninth,  tenth,  eleventh,  twelfth,  and  thirteenth  magnitudes. 

Since  the  lime  ot  IlEnacrtEL,  one  of  the  moat  eminent  of  the  as- 
tronomers who  have  investigated  this  subject  is  Htruve  the  elder, 
formerly  director  of  the  Pulkowa  Observatory.  His  researches 
were  founded  mainly  on  the  numbers  of  stars  of  the  several  magni- 
tudes f'jund  by  Dksbei,  in  a  zone  thirty  degrees  wide  extending  all 
around  the  heavens,  1.1°  on  each  side  of  the  equator.  With  tnese 
he  combined  Ihc  gauees  of  Sir  Wn.LiAM  TIerbchei..  The  hypothesis 
on  which  he  based  his  theory  was  similar  to  that  employed  by 
IIkrscitei.  in  hia  later  reaenrches,  in  so  far  that  ho  supposed  the 
magnitude  ot  the  stars  to  fumisii,  on  Ihe  average,  a  measure  of 
their  relative  distances.  Supposing,  after  Herschel,  a  number  of 
concentric  spheres  to  be  drawn  around  the  sun  as  a  centre,  the  aiic- 
CMsive  spaces  between  which  corresponded  to  stars  of  the  several' 
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tukgnitiidM,  he  found  thkt  the  further  nut  he  wrat,  the  man  the 
itAFi  wcr«  condcn»«d  in  and  Dtsr  the  Milkv  Wkj.  ThU coDclosioD 
m«j  be  drawn  »l  odcc  from  the  fact  we  have  alreadj  mentioned, 
that  the  iraalier  the  itar^  the  more  the;  are  condensed  in  iht  re- 
gion of  the  Oalaxf.  drnrvE  found  that  if  we  take  only  the  nin 
plainly  visible  to  the  naked  ej'e — that  is,  those  down  to  the  fifili 
magnitude — tlic;  are  no  thicker  in  the  Hllky  Way  than  in  other 

Krt«  of  the  heavens.  But  those  o(  the  sixth  magnitude  are  a 
tie  thicker  in  that  region,  those  of  the  seventh  jet  thicker,  and 
■oon.  the  inequality  of  diftribution  becoming  constantly  greftter  u 
the  telescopic  power  is  increaMd. 

From  all  lhi»,  Strctk  concluded  that  the  stellar  system  might 
b«  considered  as  composed  of  layers  of  stars  of  various  densities,  sil 
parallel  to  the  nlnnc  of  the  Milky  Way.  The  stars  are  thickest  in  and 
near  (he  central  layer,  which  he  conceives  to  be  spread  out  as  a  wide, 
thin  sheet  of  stars.  Our  sun  is  situated  near  the  middle  of  Ihu 
layer.  As  wc  pass  out  of  thin  layer,  on  either  side  wc  find  the 
stars  constantly  growing  thinner  and  thinner,  but  we  do  not  reach 
any  distinct  boundary.  As,  it  we  could  rise  in  tlie  atmosphere,  we 
should  find  the  air  constantly  gron-ing  thinner,  but  at  so  gradual  a 
TKte  of  progrcM  thut  wc  could  hardly  say  where  it  terminated  ;  so, 
on  Stritvb's  view,  would  it  be  with  the  stellar  system,  if  we  could 
mount  up  in  a  direction  perpendicular  to  the  Hilky  Way.  Stritte 
gives  the  following  table  of  the  thickness  of  the  stars  on  eorJi  side 
of  the  principal  plane,  the  unit  of  distance  being  that  of  the  ex- 
treme distancu  to  which  Hkrschei.'s  telescope  could  penetrate  : 


1-ooofl 

O'OS 

0-48568 

I-2TS  ■ 

010 

0-8»28*l 

1  45SH 

oa) 

0.3389S 

leiiH 

OHO 

OITMO 

o.«o 

0-18021 

ono 

0-08040 

2HlV 

0-80 

oro 

0  03079 

8  190 

0  no 

O-0MI4 

4  131 

O'SOG 

0001133 

3-729 

This  condensation  of  the  stars  near  the  central  plane  and  (he 
gradual  thinniog-out  on  each  side  of  it   are  only  designed  to  be  the 
expression  of  the  general  or  average  distribution   of  those   bodies. 
Jrae  probability  is  that  even  in  the  central  plane  the  stars  are  many 
~^  as  thick  in  some  regions  as  in  others,  and  that,  as  we  leave  the 
It  the  tliinning-out  would  be  found  to  proceed  at  very  different 
,-  -'="- — -    --■-,«.  Thatthere  may  be  agradualtU 


STRUCTURE  OF  TBB  SSAVEJfS.  489 

caDDOt  be  denied  ;  but  STRrvE's  attempt  to  form  a  table  of  it  b  open 
to  the  serious  objectioii  that,  like  Ubbbchbl,  he  supposed  the  differ- 
ences between  the  magnitudeB  of  the  stara  to  anae  entirety  from 
tbeir  different  distances  from  us.  Although  where  the  ecatteriog 
of  the  stars  is  nearly  uniform,  this  supposition  may  not  lead  ua  into 
serious  error,  the  case  will  be  entirely  different  where  we  have  to 
deal  with  irregular  mosses  of  stars,  and  especially  where  our  tele- 
scopes penetrate  to  the  boundary  of  the  stellar  system.  In  the 
latter  case  we  cannot  possibly  distinguish  between  small  stars  lyinff 
irithin  the  boundary  and  larger  ones  scattered  oiilside  of  it,  and 
Sthiivk's  gradual  thinning-oiit  of  the  stars  may  be  entirely  ac- 
counted for  by  great  diversities  in  the  absolute   brightness   of  tho 


Now  this  ratio  or  the  bright nPM  £  4-  B' is  the  only  fact  we  usaall; 
know  Willi  regiird  to  any  two  stars.  D  lias  liet'ti  determined  for 
only  a  Tuw  ^turs,  und  f.-r  tlmse  it  varies  betwei^n  200.000  and  2,000,000 

*  leB  the  major  axis  of  the  earth's  orbit,     .SatidiarH  nut  known  Tor 
/  star.     There  is,  however,  a  prol>ahility  lliat  i  does  not  vary  greatly 

from  star  to  star,  as  tho  great  majorlly  ot  etara  are  while  in  color  (only 
some  700  red  stars,  for  inslancH.  are  known  out  of  the  300/HK)  whii-h 
have  bi'Bii  carefully  <j»amin«l).  Among  47(J  double  stars  of  SnicvK's 
list  21).')  were  white,  63  being  hlubh,  only  one  fourth,  or  119.  belnjK 

ir  B  is  of  the  nth  mafr.  its  llfriit  in  terms  uf  a  Bm  mn^ltnds  star 
1  d"  - 1   where  i  -  0-39T.  and   if  B'  is  of  tlie  mtli  niag,,  its  li^ht  ia 

•  —  ',  b<4h  e^preesed  in  terms  of  the  light  of  a  Hrst  iuB};nitude  star  as 
unity  (*>  =  1). 

Therefore  we  may  put  B  =  i*-  '.  B'  =  i--  '.  uiid  we  have 


1 


In  this  general  expression  wo  seek  the  ratio  — ,  and  we  have  tt 
expressed  in  terms  of  (our  unknown  quantitlea.  We  most  therefoT* 
make  soma  xuppositian  In  rej^ard  to  these. 

1.  ff  all  ttari  are  of  agaat  intriiuic  brilliatieg  and  of  K/ual  »(u,  then 

Si  =  ^  i',  and  *■  -  -  =  I 
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wk«nce  ihe  i«1klIt«  dlauutoe  o[  uaf  \wn  sure  would  bt-  known  oi 
hy  pot  bents. 

II.  Or.  mppntt  An  lart  to  be  tm^fortitlg  diHribvted  in  rpaci,  or  the 
■(■rdensii;  ti  b~  vt\aaX  in  bII  direeiiona.  From  tliii  wb  od  slta 
obtain  wiiiiB  nntioni  <if  '.If  rrluirs  distances  nf  stare. 

Call   fl>.   a,.  D. D,   llie  av«ir»g«  distances  of   amrs  of  lbs 

I.  8.  8 Htli  magiiiiadrs 

If  if  slurs  ar«  Bitiiated  nltUln  tlie  spbetv  of  r*dius  1.  thm  tb«  m 
bar  of  lUrs  (Q.),  situated  oitlila  ilie  sphere  of  nAiaa  P..  ' 


AIM 

ft 


cab'n:  oonUnW  of  « 


/).- 


•  an  as  the  cabet  of  their 


1 


?  ire  knew  Q,  and  Qm  ~  i,  the  number  of  atars  coDtained  In  ths 
Bplirrea  of  radii  D.  anri  i?.  _  >,  then  Ibe  r»llo  of  D,  and  P.  .  t  wouM 
be  known.  W»  cannot  know  Q,.  Q,  _  i.  etc.,  ditectlt,  bu>  "e  ma; 
Buppaw  tUew-  quanlitle.*  li>  be  pmportional  to  the  numU-rs  of  giarsof 
tlie  nib  and  (n  —  Iltli  magnitnilM  found  in  an  ennuienttion  of  alt  tbe 
B'ara  in  tbe  beavriu  of  these  mairitltudes,  or.  Failing  in  lhc«e  data,  we 
in«y  confine  ihl«  enumeralioD  to  the  northern  liemispbere,  wbere 
LlTTROW  has  counted  tlie  number  of  stum  of  eicb  dasB  in  Ardclah- 
nKit'fl  Durehmuttemng.     As  ne  hsTii  seen  (p.  436) 


Vt  -  10,0 


I  and  Q,  -  77.7M, 


fl.      »^  ^^  "  ^ 


and  this  would  lead  us  to  inlerthat  tbs  stars  of  the  8th  masDitnde 
were  distributed  inside  of  a  sphere  whose  radina  was  about  I'S  limes 
Iliat  of  tbe  correspondins  sphere  for  Ibi-  7lh  magnitude  etara  proTidel 
Ibal.  Isl.  the  stars  in  general  are  equallj  or  about  eqoall;  dlBtril>uled, 

and,  Sd,  that  on  the  whole  tbe   pt«ls  of  the  8  . n  maimllndes  are 

liiriher  away  from  us  ihsu  those  of  the  7 (n  —  I]  nuenilndes. 

We  ma;  have  a  kind  of  test  i>f  tbe  truth  of  this  hrpo^ei^B,  aodd 
the  first  employed,  as  follows;   we  had  '' 


Als-i  from   tbe  first  liTpotliesiH  the  brichtnesB  B.  eras' 
■nagnitude  In  terms  of  a  first  magnitude  star  =  1  was 


If  bore,  atnln,  we  suppose   tbe  dtslwies  of  a  firet  magnitude  startl 
bo  =  1  aud  of  an  nth  magniinde  star  D^,  then 
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wbeDoe  -ic =  — ;=• 

-On 

Comparing  tbe  expn  ssion  for  -=■ ,  In  the  two  cases,  we  have 

If  tbe  value  of  6  in  this  last  expression  comes  near  to  the  value  which 
has  been  dKluced  for  it  f.om  direct  photometric  measures  of  the 
relative  intensity  of  various  classes  of  stars,  viz.,  6  =  0-40,  then  this 
will  be  so  far  un  argument  to  show  that  a  certain  amount  of  credence 
may  be  {riven  to  Uith  hypotheses  I.  and  II.  Taking  the  values  of 
Q^  and  0„  we  have 

From  the  values  of  Qe  and  Qi,  there  results  d(e,  7)  =  0*45.  These, 
then,  a^ree  tolerably  well  with  the  independent  photometric  values 
for  d,  and  show  that  the  equation 

give«  the  average  distance  of  the  stars  of  the  nth  magnitude  with  a 
certain  approach  tu  accuracy.  For  the  stars  from  1st  to  8th  magni- 
tade  these  distances  are  : 

1  to  1*9  magnitude 1-00 

2  to  2-9  *•  1-64 

8  to  8-9  *• 2-86 

4  to  4-9  **  8-64 

6  to  6-9  **  6-59 

6  to  6-9  **  8-61 

7  to  7.9  •*  13-28 

8  to  8-9  ••  20-85 

This  presentation  of  the  subject  is  essentially  that  of  Prof.  Hugo 
Gtldkn. 


i  from 

-1 


A  THEORY  of  the  operatioDB  by  which  the  tmiverse  re- 
ceived its  present  form  and  arrangement  is  called  Ctmtw^- 
<my.     Tliie  subject  does  not  treat  of  the  origin  of  i 
hut  only  with  its  transformations. 

Three   sj-stcms   of  Cosmogony  have  prevailed 
thinking  men  at  different  times. 

(1.)  That  the  nniverse  had  no  origin,  but  existed  from 
eternity  in  the  form  in  which  we  now  see  it. 

(2.)  That  it  was  created   in   its   present    sliape    in  J 
moment,  ont  of  nothing. 

(8.)  That  it  came  into  its  present  fonn  through  f 
rangemunt  of  materials  which  were  before  '"  withont  fi 
and  void." 

The  last  seems  to  be  the  idea  which  has  meet  prevailed 
among  thinking  men,  and  it  receives  many  striking  con- 
firmations from  tJie  scientific  diacovcriea  of  modern  times. 
The  latter  seem  to  show  beyond  all  reasonable  donht  that 
the  universe  could  not  always  have  existed  in  its  present 
form  and  under  its  present  conditions ;  thut  there  was  a  time 
when  the  matoriais  composing  it  were  masses  of  glowing 
vapor,  and  that  there  will  he  a  time  when  the  present  state 
of  things  will  cease.  The  explanation  of  the  processes 
through  which  this  occurs  is  sometiines  called  the  nebui^ir 
hypothesU.  It  was  first  propounded  by  the  philosophCTB 
SwKUENBoR*},  Kant,  and  Laplack,  and  although  i 
greatly  modified  in  detail,  the  views  of  these  men  hftvj 
the  main  been  retained  until  the  present  time. 
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We  ehall  begin  ite  coiiei deration  by  a  statement  of  tlie 
varioTis  facts  which  appear  to  show  that  the  earth  and 
planets,  as  well  aa  tlie  sun,  were  once  a  fiery  mass. 

The  first  of  these  facts  ia  the  gradual  but  uniform  in- 
crease of  temperature  as  we  descend  into  the  interior  of 
the  earth.  "Wherever  mines  liavo  been  dug  or  welts  sunk 
to  a  great  depth,  it  is  found  that  the  temperature  increases 
as  we  go  downward  at  the  rate  of  about  one  degree  centi- 
grade to  every  30  metres,  or  one  degree  Fahrenheit  to 
every  50  feet.  Tlio  rate  differs  in  diflferent  placee,  but  the 
general  average  is  near  this.  The  conclusion  which  we 
draw  from  this  may  not  at  first  sight  be  obvious,  because 
it  may  seem  that  tlie  earth  niiglit  always  have  shown  this 
same  increase  of  teraperaturo.  But  there  are  several  re- 
Bo]t£  which  a  little  thought  will  make  clear,  although  their 
complete  efitablishment  requires  the  use  of  the  higher 
mathematics. 

The  first  result  is  that  the  increase  of  temperature  can* 
not  be  merely  superficial,  but  must  extend  to  a  great 
depth,  probably  even  to  the  centre  of  the  eartli.  If  it  did 
not  so  extend,  the  heat  wonlU  have  all  been  lost  long  ages 
ago  by  conduction  to  the  interior  and  by  radiation  from 
the  surface.  It  is  certain  that  the  earth  has  not  received 
any  great  supply  of  heat  from  outside  sineu  ihu  earliest 
geological  ages,  because  such  an  acceeeion  of  heat  at  the 
earth's  surface  wonid  have  destroyed  all  life,  and  eveo 
melted  all  the  rocks.  Therefore,  whatever  heat  there  is 
in  the  interior  of  the  earth  must  have  been  there  from  be. 
fore  the  commencement  of  life  on  the  globe,  and  remained 
through  all  geological  ages. 

The  interior  of  the  earth  being  hotter  than  its  surface, 
uid  hotter  than  the  space  around  it,  must  be  losing  heat. 
We  know  by  the  most  familiar  observation  that  if  any  ob- 
ject is  hot  inside,  the  heat  will  work  its  way  through  to  the 
Burface  by  the  process  of  conduction.  Therefore,  since  the 
earth  is  a  great  deal  hotter  at  the  depth  of  30  metres  than 
Fit  is  at  the  surface,  heat  must  be  continually  coming  to  the 


I 


I 
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surface.  Oil  reftcbing  tlie  sarfuce,  it  must  ite  nuliated  off 
into  space,  oUe  the  eurfaoe  would  havo  long  ago  become 
ae  hot  aa  the  interior.  Moreover,  this  lose  of  heat  lunat 
hare  been  going  on  since  the  beginning,  or,  at  least,  sinoe 
a  time  when  the  surface  was  as  hot  as  the  interior.  Tims,  if 
we  reckon  backward  in  time,  we  find  that  there  niust  have 
been  more  (ui<l  more  heat  in  the  earth  the  further  back 
■we  go,  so  that  we  innet  finallji'  reach  back  to  a  time  when 
it  was  so  hot  as  to  l>e  molten,  and  then  again  to  a  time 
when  it  was  so  hot  ad  to  be  a  mass  of  fiery  vapor. 

The  second  fact  is  that  we  find  the  sun  to  be  co«iUng  ofi 
like  the  earth,  only  at  an  incomparably  more  rapid  rate. 
The  snn  is  constantly  radiating  heat  into  space,  and,  so  fur 
as  we  can  ascertain,  receiving  none  liack  again.  A  small 
portion  uf  this  heat  reaches  the  earth,  and  on  this  portion 
depends  the  existence  of  life  and  motion  on  the  earth's  sur- 
face. The  fjuantity  of  heat  which  strikes  the  earth  is  only 
al«»"t  a  a  0  0  aVsmnr  of  that  which  the  sun  radiates.  This 
fraction  expresses  the  ratio  of  the  apparent  snrface  of  the 
earth,  as  seen  from  the  sun,  to  that  of  the  whole  celestial 
sphere. 

Since  the  sun  is  losing  heat  at  this  rate,  it  most  have  had 
more  heat  yesterday  than  it  lias  to-day  ;  more  two  days  ago 
than  it  had  yesterday,  and  so  on.  Thus  calculating  back- 
ward, we  find  that  the  further  we  go  back  into  time  the 
hotter  the  sun  must  have  been.  Since  we  know  tiiat  beat 
expands  all  bodies,  it  follows  that  thesun  must  have  been 
larger  in  past  ages  than  it  is  now,  and  we  can  trace  back 
this  increase  in  size  without  Hmit.  Thus  we  are  led  to  the 
conclusion  that  there  must  have  been  a  time  when  the  sun 
filled  up  the  space  now  occupied  by  the  planets,  and  must 
have  been  a  very  rare  mass  of  glowing  vapor.  The  plan- 
ets could  not  then  have  existed  ecparatoly,  but  must  have 
formed  a  part  ofthiamasBof  vapor.  Theiatterwas  there- 
fore the  material  out  of  which  the  solar  syatcra  was 
formed. 
The  same  process  may  bo  continued  into  the  futi 
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Since  the  buh  by  its  radiation  is  constantly  losing  heat,  it 
must  grow  cooler  and  cooler  as  ages  advance,  and  must 
finally  radiate  so  little  lieat  that  life  and  motion  can  no 
longer  exist  on  our  globe. 

The  third  fact  is  tiiat  the  revolutions  of  all  the  planets 
around  the  sun  take  place  in  the  same  direction  and  in 
nearly  the  same  plane.  We  have  hercaeintilarityaDiongat 
the  different  bodies  of  the  solar  system,  wliich  must  have 
hkd  an  adequate  cause,  and  the  only  cause  which  has  ever 
been  assigned  is  foond  in  the  nebular  hypothesis.  This 
hypothesis  supposes  that  the  sun  and  planets  were  once 
a  great  mass  of  vapor,  as  large  as  tlie  present  solar  system, 
revolving  on  its  axis  in  the  same  plane  in  vrhich  tha 
planets  now  revolve. 

The  fourth  fact  is  seen  in  the  existence  of  nebulte.  Wa 
have  already  stated  that  the  spectroscope  shows  these  Itodies 
to  be  masses  of  glowing  vapor.  We  thus  actually  see  mat- 
ter in  the  celestial  spaces  under  the  very  form  in  which 
the  nebular  hypothesis  supposes  the  matter  of  our  solar 
syatem  to  have  once  existed.  Since  these  masses  of  vapor 
are  so  hot  as  to  radiate  light  and  heat  through  the  immense 
distance  which  separates  us  from  them,  they  must  be  grad- 
nally  cooling  oft  Tliis  eooling  must  at  length  reach  a 
point  when  they  will  ceaee  to  be  vaporous  and  condense 
into  objects  like  stars  and  planets.  Wc  know  that  every 
Btar  in  the  lieavena  radiates  heat  as  our  snn  does.  In  tha 
eaee  of  the  brighter  stare  the  heat  radiated  has  been  made 
aensble  in  the  foci  of  our  telescopes  by  means  of  the  thenno- 
mnltiplier.  The  general  relation  which  we  know  to  ex- 
ist between  light  and  radiated  heat  shows  that  all  the  stars 
xnnst,  like  the  sun.  be  radiating  heat  into  space. 

A  fifth  fact  is  afforded  by  the  physical  eonstitution  of 
the  planets  Jupit-er  and  S^ttur-n.  The  telescopic  examina^ 
tion  of  these  planets  shows  that  changes  on  their  surfaoee 
are  constantly  going  on  with  a  rapidity  anil  violence  to 
which  nothing  on  the  surface  of  onr  earth  can  compare. 
Sach  operations  can  be  kept  up  only  through  the  agency  of 


I 
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beat  or  eoine  eijuivalBUt  forui  of  energy.  But  at  the 
tsnce  of  Jvjrifcr  und  Safvm  the  ravs  of  tlie  Ban  are  eni 
iiisnfficient  to  pnxiuee  changes  eo  viiJent.  We  are  tl 
fore  led  to  infer  that  J'tpitrr  and  Saturn  must 
bodies,  and  most  therefore  be  cooling  off  like  the 
star«  anil  ourth. 

We  are  thns  ted  to  the  genenil  coiiclnsioii  that, 
as  our  knowledge  extends,  nearly  all  the  bodies 
universe  are  hut,  and  are  cooling  off  by  radiating 
heat  into  space.  Before  the  discovery  of  the  "' 
tion  of  energy,"  it  n'os  not  known  that  this  radiatiou  in- 
volved the  waste  of  a  eoniething  which  is  neceeearilj  limited 
in  supply.  But  it  is  now  known  that  heat,  motion,  and 
other  forme  of  force  are  to  a  certain  extent  convertihlt 
each  other,  and  admit  uf  being  expressed  as  quantities 
a  general  eoinething  which  is  called  enertfy.  Wo  may  ' 
fine  the  unit  of  cnurgi,'  in  two  or  more  ways  :  as  the  qi 
tity  which  is  re«inired  to  raise  a  certain  weight  through  a 
certain  height  at  the  surface  of  tlte  earth,  or  to  heat  a  given 
quantity  of  water  to  a  certain  temperature.  However 
we  express  it,  we  know  by  the  laws  of  matter  that  a  given 
inaee  of  matter  can  contain  only  a  certain  deSnile  number 
of  units  of  enei^.  When  a  mass  of  matter  either  gives 
otf  heat,  or  causes  motion  in  other  bodies,  we  know  tliat 
its  energy  is  Iwing  expended.  Since  the  total  quantity  of 
energy  which  it  contains  is  tinite,  the  process  of  radii 
heat  must  at  length  come  to  an  end. 

It  is  sometimes  supposed  that  this  cooling  off  may' 
merely  a  temporary  process,  and  that   in  time  somethii 
may  happen  by  which  all  the  bodies  of  the  universe  wiU 
receive  back  again  the  heat  which  they  have  lost.     This  is 
founded  upon  the  general  idea  of  a  conipensuting  process  ii 
nature.     As  a  special  example  of  its  application,  some  h 
supposed  that  the  planets  may  ultimately  fall  into  the 
and  thus  generate  so  much  heat  as  to  reduce  the  son 
B  to  vapor.     Ail  these  theories  are  in  direct  opposii 
s  well-establiBhed  laws  of  heat,  and  can   be  justi 
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only  by  some  generalization  wlilch  shall  be  far  wider  than 
any  that  Gcience  has  yet  reached.  Until  we  have  such  a 
generalization,  every  such  theory  foTinded  upon  or  consist- 
ent with  the  laws  of  nature  ia  a  necessary  failure.  All  the 
heat  that  ecu  Id  be  generated  by  a  fall  of  all  the  planets  into 
the  snn  would  not  produce  any  change  in  its  constitution, 
and  would  only  last  a  few  years.  The  idea  that  the  heat . 
radiated  by  the  sun  and  stars  may  in  some  way  be  collected 
and  returned  to  them  by  the  mere  operation  of  natural  laws 
is  equally  untenable.  It  is  a  fundamental  principle  of  the 
laws  of  heat  that  a  warm  body  can  never  absorb  more 
heat  from  a  wwl  <>ue  than  the  latter  absorbs  from  it,  and 
that  a  body  can  never  grow  warm  in  a  space  cooler  than 
Hself.  All  differences  of  temperature  tend  to  equalize 
tlietneelvcB,  and  the  only  state  of  tilings  to  which  the  nni- 
veise  can  tend,  under  its  present  laws,  is  one  in  which  all 
space  and  all  the  bodies  contained  in  space  are  at  a  uniform 
temperature,  and  then  all  motion  and  change  of  tempera- 
tare,  and  hence  the  conditions  of  vitahty,  mutt  cease.  And 
then  all  such  life  as  ours  must  cease  also  unless  sustained 
by  entirety  new  methods. 

The  general  result  drawn  from  all  these  laws  and  facta 
is,  that  there  was  once  a  time  when  all  the  bodies  of  the 
nniverse  fonned  either  a  single  mass  or  a  niimlier  of  massea 
of  fiery  vapor,  having  slight  motions  in  various  parte,  and 
different  degrees  of  density  in  different  regions.  A  grad* 
nal  condensation  around  the  centres  of  greatest  density  then 
went  on  in  consequence  of  the  cooling  and  the  mutual  at- 
traction of  the  parts,  and  thus  arose  a  great  number  of 
nebulous  masses.  One  of  these  masses  formed  the  ma- 
terial out  of  which  the  sun  and  planets  arc  supposed  to 
hare  been  formed.  It  was  probably  at  first  nearly  glob- 
ular, of  nearly  equal  density  throughout,  and  endowed 
with  a  very  slow  rotation  in  the  direction  in  which  the 
planets  now  move.  As  it  cooled  off,  it  grew  smaller  and 
smaller,  and  its  velocity  of  rotation  increased  in  rapidity  by 
•nitns  of  a  well-esta'bliBhed  law  of  mechanics,  known  as 
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llist  of  thf  eoTUiervaiion  of  area*.  Accordingto  this  law, 
whenever  a  eyBtem  of  particlee  of  any  kind  whatever,  whicb 
is  rotating  nroiiod  an  axis,  changes  it«  fonn  or  arraogenieat 
by  virtue  of  the  inutnal  attractions  of  itspart^  amongtbem- 
eelves,  tlie  sum  of  all  the  areas  de^^ri^ied  by  each  particle 
around  the  centre  of  rotation  in  any  unit  of  time  reinuns 
constant.      Tliis  sum  is  called  the  arftj/ar  iviorUy. 

If  the  diameter  of  the  mana  is  rednced  to  one  half,  snp- 
pot^iiig  it  to  remain  epherical,  the  area  of  anj  plane  pofeing 
throngh  its  centre  will  be  reduced  to  one  fourth,  because 
areas  are  in  proportion  to  the  &qnaro  of  the  diameten. 
In  order  that  the  areolar  velocity  may  then  be  the  saine 
as  before,  the  mae»  innat  rotate  four  times  as  fast.  The 
rotating  iiiaaa  we  have  deecribed  must  have  had  an  axis 
immnd  whirli  it  rotated,  and  therefore  an  equator  detintsi 
as  being  everywhere  80"  from  this  axis.  In  consecpietice 
of  the  increase  in  the  velocity  of  rotation,  the  centrifugal 
force  would  nlso  be  increased  as  the  mass  grew  smaller. 
This  force  varies  as  the  radius  of  the  circle  described  hr 
the  particle  multiplied  by  the  square  of  the  angular  ve]<»city. 
Hence  when  the  masses,  being  rednwd  to  half  the  radins, 
rotate  four  times  as  fast,  the  centrifugal  force  at  the  equa- 
torwonld  be  increased  J  X  4',  oreighttimes.  The  gravi- 
tation of  the  mass  at  the  surface,  being  inversely  as  the 
square  of  the  distance  from  the  centre,  or  of  the  radius, 
would  be  increased  four  times.  Therefore  as  the  masses 
continue  to  contract,  the  centrifugnl  force  increasee  at  a 
more  rapid  rate  than  tlie  central  attraction.  A  time  would 
therefore  come  when  they  would  balance  each  other  at  tlie 
equator  of  the  mass.  The  mass  would  then  cease  to  con- 
tnujt  at  the  equator,  but  at  the  poles  there  wonld  be  no 
centrifugal  force,  and  the  gravitation  of  the  mass  would 
grow  stronger  and  stronger.  In  consequence  the  mass  would 
at  length  assume  the  form  of  a  lens  or  disk  very  thin  in  pro- 
portion to  its  extent.  The  denser  portions  of  this  lens 
would  gradually  be  drawn  toward  the  centre,  and  there 
more  or  lees  solidified  by  the  process  of  cooling.     A  point 
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vould  at  length  be  reachedj^Len  solid  particles  woald  begia 
to  be  formed  tliroughout  the  whole  disk.  These  would  gred^ 
nally  condeoee  around  each  other  and  form  a  eingle  planet, or 
they  might  break  up  into  email  maBees  and  fonn  a  group  of 
planetB.  As  the  motion  of  rotation  would  not  he  altered 
by  these  processes  of  condensation,  these  plunets  would  all 
be  rotating  around  the  central  part  of  the  mass,  which  is 
supposed  to  have  condensed  into  the  sun. 

It  is  supposed  that  at  firflt  these  planetary  masses,  being 
very  hot,  were  composeti  of  a  central  mass  of  those  sub* 
stances  which  condensed  at  a  very  high  temperature,  suP- 
rounded  by  tiie  vapors  of  those  substances  which  were 
more  volatile.  We  know,  for  instance,  that  it  takes  a  much 
higher  temperature  to  reduce  lime  and  platinum  to  vapor 
than  it  does  to  reduce  iron,  zinc,  or  magnesium.  There- 
fore, in  the  original  planets,  the  limes  and  earths  wunl<t 
condense  first,  while  many  other  metals  would  still  be  in  a 
state  of  vapor.  The  planetary  masses  would  each  he 
affected  by  a  rotation  increasing  in  rapidity  as  they  grew 
smaller,  and  would  atlengl.h  fonn  masses  of  nieUed  metaU 
and  vapors  in  the  same  way  as  the  larger  mass  nut  of  which 
the  sun  and  planets  were  fonned.  These  masses  wonld 
then  condense  into  a  planet,  with  satellites  revolving 
around  it,  just  as  the  original  mass  condensed  into  sun  and 
planets. 

At  first  the  planets  would  be  so  hot  as  to  be  in  a  molten 
condition,  each  of  them  probably  shining  hke  the  sun. 
They  would,  however,  slowly  cool  off  by  the  radiation  of 
heat  from  theirsurfaces.  So  long  as  they  remained  liquid, 
the  surface,  as  fast  as  it  grew  cool,  would  sink  into  the  in- 
terior on  account  of  its  greater  specilic  gravity,  and  its 
place  would  l)e  taken  by  hotter  material  rising  from  the 
interior  to  the  surface,  there  to  cool  off  in  its  tuni.  There 
would,  in  fact,  be  a  motion  something  like  that  which  occiifB 
when  a  pot  of  cold  water  is  set  upon  the  tire  to  boil. 
Whenever  a  mass  of  water  at  the  bottom  of  the  pot  is 
lieated,  it  rises  to  the  surface,  and  the  cool  water  moves 
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down  to  Uke  its  place.  Thus,  on  the  whole,  bo  long 
the  planet  remained  liqaid,  it  would  cool  off  equally 
throughont  its  whole  maBs,  owing  to  the  constant  motion 
from  the  centre  to  the  circumference  and  back  again.  A 
time  wonld  at  length  arrive  when  many  of  the  eartlis  and 
metals  would  begin  to  solidify.  At  tirst  the  solid  particles 
would  be  carried  np  and  down  with  the  liquid.  A  time 
would  finally  arrive  when  they  would  become  so  large 
and  numerous,  and  the  liquid  part  of  the  general  mass 
become  bo  viscid,  that  the  motion  would  be  obstructed. 
The  planet  would  then  begin  to  solidify.  Two  vl 
have  been  entertained  respecting  the  process  of  solidif 
tion. 

According  to  one  view,  the  whole  surface  of  the  ph 
would  solidify  into  a  continuoue  crust,  as  ice  forma  over 
pond  in  cold  weather,  while  the  interior  was  etill 
molten  state.     Tlie  interior  liquid  could  then  no  longer 
com©  to  the  surface  tn  cool  off,  and  conld  lose  no  heal 
except  what  was  conducted  through  this  crust.     Hence 
the  subsequent  cooling  would  lie  much  slower,  and  the 
glolie  would  toug  remain  a  mass  of  lava,  covered  over  by 
a  comparatively  thin  solid  crust  like  that  on  which  we 
live. 

The  other  view  is  that,  when  the  cooling  attained  a 
tain   stage,  the  central    portion  of  the  globe  would 
solidified  by  the  enormous  pressure  of  the  superincnmbent 
portions,  while  the  exterior  was  still  fluid,  and  that  thus 
the  soliditicatiou  would  take  place  from  the  centre  out- 
ward. 

It  is  still  an  unsettled  question  whether  the  earth  is  m 

solid  to  its  centre,  or  whether  it  is  a  great  globe  of  moll 

matter  with  a  comparatively  tbin  crust.     Astronomers  and 

physicists  incline  to  the  former  view  ;   geologiete  to  the 

latter  one.      Whichever  view  may  be  correct,  it  appears 

^-*i  that  there  are  great  lakes  of  lava  in  the  interior 
1  volcanoes  are  fed. 
Mt  be  nnderetood  that  the  nebalar  hypothesis,  u 
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we  have  explained  it,  is  not  a  perfectly  established  scien- 
tiiic  theory,  but  only  a  philosophical  conclusion  founded 
on  the  widest  study  of  nature,  and  pointed  to  by  many 
otherwise  disconnected  facts.  The  widest  generalization 
associated  with  it  is  that,  so  far  as  we  can  see,  the  universe 
is  not  self-sustaining,  but  is  a  kind  of  organism  which,  like 
all  other  organisms  we  know  of,  must  come  to  an  end  in 
consequence  of  those  very  laws  of  action  which  keep  it 
going.  It  must  have  had  a  beginning  within  a  certain 
number  of  years  which  we  cannot  yet  calculate  with  cer- 
tainty, but  which  cannot  much  exceed  20,000,000,  and  it 
must  end  in  a  chaos  of  cold,  dead  globes  at  a  calculable 
time  in  the  future,  when  the  sun  and  stars  shall  have 
radiated  away  all  their  heat,  unless  it  is  re-created  by  the 
action  of  forces  of  which  we  at  present  know  nothing. 
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